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Abstract  
The threat of global warming and the need to make the construction industry accountable for 
their polluting emissions and waste management has played an important role in research and 
development of innovative products. Recently, bamboo has gained acceptance as a valuable 
construction material due to its aesthetic and mechanical similarities with timber, fast growth 
rate, high strength to weight ratio and, noticeably, its environmentally sustainable 
characteristics. Bamboo products are predominantly made in Asian countries, where architects 
have incorporated it as an essential component in the design of modern multi-story buildings. 
However, existing design codes around the world prescribe bamboo structures to be a maximum 
of two stories high or disallow its use as main structural component altogether.  
Limited knowledge of the fire behaviour of bamboo is one of the main reasons that explains 
why the construction of bamboo mid-rise and high-rise buildings is stalled. To date, there are 
no methodologies that allow for performance-based fire design of laminated bamboo facilities, 
leaving insulation and encapsulation as the only alternatives available in codes in order to obtain 
acceptance by the reviewing authorities. Given this scenario, bamboo products developers need 
to confidently demonstrate the material’s fire properties, which is only possible by means of 
adequate research and testing. 
This research project proposes a methodology that uses a holistic approach to understand the 
fire behaviour of engineered bamboo products of the species Phyllostachys pubescens (Moso). 
A model of study was developed using the principles of performance-based design, where the 
evolution of a compartment fire over time is expressed as a function of the energy released. The 
phases of the fire (growth, fully-developed and decay) were correlated to the processes of 
flammability, thermal evolution (heat transfer) and self-extinguishment, which were assessed 
and quantified by means of laboratory testing.   
Samples with different bonding adhesive, density and orientation were tested to evaluate 
variations in their fire behaviour. Specimens were exposed to heat fluxes from 10 to 80 kW/m2 
in the Cone Calorimeter to study the thermal decomposition, flammability parameters, thermal 
evolution and self-extinguishment of laminated bamboo. The experiments allowed to measure 
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variables such as thermal conductivity, critical heat flux for ignition and thermal inertia, which 
are key to describe the evolution of a compartment fire within a laminated bamboo structure.  
The experimental tests included variation in sample configuration, which was used to assess 
the impact of lamellae orientation upon the relevant fire parameters. Experimentation yielded 
mixed observations. For instance, while results of critical heat flux for spread proved to be non-
conclusive from a quantitative standpoint, charring rates values showed to be similar between 
perpendicular and parallel configurations. Results were obtained for the average of one-hour 
test, quasi-steady state and peak values.  
In addition, different types of adhesive were analysed to determine how they can have an 
incidence on the rate of heat release and upon the occurrence of self-extinguishment. It was 
noticed that samples with urea-formaldehyde as bonding adhesive showed debonding and fall-
off, which prevented self-extinguishment. On the contrary, samples that used phenol-
formaldehyde did not show debonding and self-extinguishment occurred at heat fluxes of  
40 kW/m2 or lower. This phenomenon was not identified for any kind of sample tested over 
that magnitude. When tested at 40 kW/m2, mass loss rate for self-extinguishment of laminated 
bamboo proved to be very similar to that of timber. 
Furthermore, the analysis of the bench-scale testing results presented in this work was compared 
with outcomes from large-scale compartment tests in order to contextualise the behaviour of 
laminated bamboo under fire conditions. Different fire scenarios were studied to assess to what 
extent the presence of laminated bamboo can alter the fire dynamics of a non-combustible 
compartment. This exercised allowed to conclude that, as laminated bamboo is a composite 
material fabricated by joining together narrow strips using a bonding agent, lamellae fall-off is 
a critical failure mode that directly affects the time-energy released curve of a compartment 
fire.  
In summary, the main objective of this research project is to detail the fundamental principles 
that describe the fire behaviour of laminated bamboo. This is done by framing the study in four 
areas: general thermal characterisation (provides the basic material fire properties), 
flammability parameters (determines ignition and growth), thermal evolution (describes size 
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and duration) and self-extinguishment (establishes the conditions for decay). As a consequence, 
this work provides unprecedented data that creates the groundwork towards developing full 
understanding of the fire behaviour of laminated bamboo, which can eventually lead to the 
definition of a relevant design fire that can be adapted into design codes. Further, this thesis 
constitutes a methodological tool that facilitates developing performance-based design of 
structures made from laminated bamboo under fire conditions, which can be used as a 
benchmark for the study of other kinds of engineered bamboo products. 
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Chapter 1. Engineering bamboo: a novel construction material  
1.1 Background to the project 
Design and construction of mid and high-rise buildings have been accelerated in the last 
decades. In addition, pollution in big cities and global warming has played an important role to 
direct the industry towards developing carbon neutral materials to keep buildings and structures 
as environmentally friendly as possible. 
The use of Engineered Timber, such as Cross-Laminated Timber (CLT) as a building material 
is increasing due to its sustainable nature. To determine if exposed timber is a safe alternative 
to be used as a construction material, research has been performed in recent years to understand 
its performance under fire conditions [1]. Initial results have been positive enough to cause 
exposed CLT surfaces to gain high popularity among architects and developers. Nonetheless, 
many CLT panels are made of softwoods such as Douglas-fir and pine, which are delicate 
species that are easy to scratch. 
Another important concern is that for these structures to be feasible and sustainable, timber 
needs to be cultivated in plantations. There, they have to be nourished in average 60-80 years 
[2] depending on the species, until they achieve the ideal physical and mechanical properties 
needed for the material to be used as a structural element. 
Bamboo is a potentially valuable construction alternative. Due to its timber-like appearance, 
fast-growing rate, as well as its sustainable and durable characteristics, it is rapidly becoming a 
very attractive substituting material, especially for use as linings, floorings and furnishings.  
An important feature that makes bamboo such an attractive material is its fast-growing rate and 
therefore, the reduced time needed to reach maturity. As shown in Table 1.1, bamboo is capable 
of an annual production almost 4.5 times greater than timber [3]. As a construction material, it 
can sustain the increasing demand for timber products mostly due to its fast-growing rate. 
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Bamboo is capable of obtaining full height within 2-4 months and can reach maturity in 3-5 
years [4].  
Table 1.1 Annual production of plantations [3]. 
Product Green Dry  Green Dry 
Annual production 
(tons/ha) 
(total) (total) (culm only) (culm only) 
Bamboo 78.3 47.4 55.7 36.0 
Wood 17.5 13.5 14.0 10.8 
Ratio bamboo/wood 4.5 3.5 4.0 3.3 
Bamboo is also capable of sequestering large amounts of air pollutants. In their study focused 
on Phyllostachys pubescens (Moso), Jyoti et al. [5] reported that in Eastern India the indicator 
of the above ground carbon storage was of 61.05 tons per hectare, being able to capture 40 times 
more CO2 (per square meter per year) than pine trees [2]. 
Although not a member of the timber family, bamboo has proven to show mechanical properties 
that are similar to timber [6-8]. In fact, it is reported that since 1998, when authorities introduced 
a nationwide logging ban in several forests, bamboo became an important substitute to timber 
in the Chinese construction industry. Since then, the product has been introduced in many 
markets traditionally dominated by timber [9]. 
However, even as the chemical composition of bamboo is similar to timber, the round hollow 
shape of bamboo culms and its anisotropic properties make it challenging to use in 
contemporary mid and high-rise structures. For this reason, a niche of study has emerged for 
pioneering engineering efforts related to bamboo development. Products such as laminated 
bamboo are finding their way into construction and interior design markets every year. 
1.2 Engineered bamboo as a novel material  
Bamboo is a tall grass with a chemical structure similar to timber. The main components of 
bamboo culms are cellulose (26-43%), hemicellulose (15-26%) and lignin (21-31%) [10, 11]. 
Figure 1.1 shows a bamboo pole and culm. It has proven to have efficient mechanical 
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performance, as it has a large ratio of moment of inertia to cross-sectional area. [12]. 
Nevertheless, its condition as a hollow tube and irregular natural shape makes it difficult to use 
in regular construction. More specifically, design and confection of connections between 
different pieces constitute a big challenge preventing its use in tall structures. 
 
Figure 1.1 Bamboo pole and culm. 
Even though bamboo has been used in construction since ancient times, it has been until recent 
years that the market has started to develop engineered bamboo products. Engineered bamboo 
products are made from bamboo poles that are split open and cut (usually 10 to 6 mm in 
thickness). As shown in Figure 1.2, the poles undergo a process of cutting and splitting, after 
which the remaining strips are flattened and planned. Depending on the manufacturing 
processes, these strips are also exposed to bleaching (chemical) or caramelised (hygrothermal) 
treatments. In the last stage, they are piled in longitudinal layers and bonded together using 
chemical adhesives [12-14].  
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Figure 1.2. General manufacturing process of laminated bamboo [15]. 
In the process of bleaching, the bamboo strips are placed into a hydrogen peroxide bath at 
temperatures around 70-80 °C, giving them a light yellow colour [15]. The process of 
caramelisation intends to give them a dark colour by steaming the strips in temperatures of 
approximately 120-130 °C [15]. Adhesives commonly used include resorcinol, phenol-
formaldehyde, urea-formaldehyde, and polyvinyl acetate [8]. Figure 1.3 shows the vertical and 
horizontal layers and the final finishing of a laminated bamboo slab.  
 
Figure 1.3 Laminated bamboo final product. 
Engineered bamboo products are very versatile and offer a wide range of optional uses for the 
construction and interior design, such as Bamboo Mat Board, Bamboo Scrimber and laminated 
bamboo, among others, as seen in Figure 1.4 [16]. 
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Bamboo Mat Board [17] Bamboo Scrimber [18] Laminated Bamboo [19] 
   
Figure 1.4 Engineered Bamboo products. 
Research efforts have been undertaken all around the world to study the mechanical properties 
and behaviour of bamboo. With the aim of developing a lower-carbon alternative to structural 
components made from conventional materials such as concrete or steel, a group of researchers 
from the University of Cambridge, University of Bath, Massachusetts Institute of Technology 
and the University of British Columbia came together to develop a project called “Structural 
Bamboo” [20]. This research has developed knowledge and proven the benefits and possibilities 
of using structural bamboo for design and construction. 
On their part, Sharma et al. [7], obtained results from laminated bamboo and bamboo scrimber 
(Moso). They reported it as having comparable and better mechanical properties to other timber 
materials, such as Sitka spruce and Douglas-fir which are common timber species used to 
fabricate cross-laminated timber (CLT).  
In another study, Correal et al. [21] tested mechanical properties for the bamboo species 
Guadua, and compared it to Glulam products made of Douglas-fir-Larch and Southern Pine. In 
both cases, it was found that Guadua bamboo had higher mechanical properties (modulus of 
rupture and elasticity) than the glulam products, ranging from 60% to almost 120% higher 
values [21]. They concluded that this was a species with excellent characteristics that suit as a 
structural product due to its high strength and stiffness. 
Furthermore, another study showed how the mechanical properties of bamboo products 
exceeded the mechanical properties of timber products such as yellow pine and yellow-poplar 
[13]. This allowed them to conclude that, under the conditions of the tests, laminated bamboo 
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exhibited superior structural properties compared to wood-based laminated veneer lumber, and 
that it has a bending strength comparable to those of concrete and steel. This provides an 
opportunity for multi-story, modern buildings composed of exposed structural timber to be also 
made of bamboo. 
Apart from China, manufactured bamboo products are also produced in other regions where it 
is locally available, including Southeast Asia and South America [16]. At present, bamboo-
based products are being exported all around the world, but mainly to North America, European 
countries and Japan [8]. With these products, architects are developing and constructing 
projects with bamboo as main finishing attribute, including them in facades, walls, floors and 
ceiling linings. Figure 1.5 shows the use of laminated bamboo in Madrid’s International Airport, 
designed by Richard Rogers [22, 23], and a hotel in Amsterdam. 
 Madrid International Airport [22, 24] Hotel Jakarta, Amsterdam [24]  
  
Figure 1.5 Use of laminated bamboo in construction buildings [24]. 
As is the case other construction materials, there are important differences amongst laminated 
bamboo products, one of them being the method of production. In fact, potential end-users 
recognise this reality as one of the main constrains for its use. Gatóo et al. call into the academia 
research to join in contribution to the experimentation and analysis of this new technology, to 
help guide with science-based knowledge the growing economic and environmental interest in 
bamboo [25].  
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1.3 Significance of the research 
Performance-based solutions for fire safety require a “design fire” as the main input parameter. 
The intention of such design fire is to represent the energy (heat) that is perceived by the 
structure during a compartment fire. However, this energy input is not unidirectional. The fire 
source receives feedback from the structure and a loop is thereby generated. Consequently, the 
design fire is the resultant of the energy balance, and this fire is therefore relevant to a 
compartment’s material and configuration. Furthermore, establishing the design fire is a 
complex task that starts with the identification of the relevant thermal properties. The process 
will continue and become iterative, demanding several rounds of result analysis and 
reassessment of testing procedures.  
To this day, a particular design fire has not been identified for engineered bamboo. Therefore, 
current fire assessment of bamboo structures is based on deficient practical basis that delivers 
inappropriate material use. To correct this flawed practice, this thesis develops a holistic 
methodology specific for bamboo structures that integrates the determination of fundamental 
thermal parameters to obtain a quantitative description of a fire, enabling a performance-based 
design. To achieve this, the fire behaviour of bamboo needs to be quantified by measuring the 
parameters that drive the phases of a fire, namely growth, fully-developed stage and decay. This 
is done by characterising the flammability of the material in the light of processes such as 
ignition, fire spread, thermal evolution and self-extinguishment. As an outcome, this thesis 
establishes the fundamental groundwork necessary to ultimately generate an adequate design 
fire framework.  
In performance-based design, two main factors determine the calculation of evacuation from 
building: Required Safe Egress Time (RSET) and Available Safe Egress Time (ASET). The 
former is the time in which occupants will evacuate to a safe area, while the latter is the time it 
takes the building to reach untenable conditions [26]. In an adequate fire strategy, the ASET is 
much greater than the RSET, guarantying that people will evacuate the building in a safe 
manner [27]. Determining the ASET requires flammability characterisation of the involved 
materials which in the case of bamboo, is incipient at best. Furthermore, understanding the 
behaviour of bamboo in fire requires in-depth knowledge of the conditions leading to 
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degradation and the formation of pyrolysis volatiles.  With this as a basic understanding, 
parameters of ignitability of bamboo are used to determine the onset of the fire within a 
compartment and to compare its time scale to other combustible materials potentially present.  
For the development of a comprehensive safe design, it is critical to understand how fast fire 
will spread in and outside a bamboo building. Also, obtaining the heat release rate makes it 
possible to predict the size of the fire. Last, understanding the conditions for onset and growth 
of a fire is also key in achieving a structurally robust design. The goal of this thesis is to 
contextualise bamboo’s fire properties within the performance-based design framework. In this 
way, a holistic methodology is developed, where the fire properties of bamboo are concurrent 
with the required performance of a building during a fire. 
Due to similarities in material composition and aesthetics, it is common practice to compare 
laminated bamboo with cross-laminated timber. However, there is no sufficient information to 
justify use of timber’s flammability parameters as a benchmark for bamboo. This is mostly 
because of important differences in the use of the adhesive, which acts as a bonding agent 
between layers in both kind of products. Since engineered bamboo products are made of 
bamboo strips, the number of lamellae is even greater than in a section of an engineered timber 
product. Put in a different way, the ratio of adhesive to bamboo in engineered bamboo products 
is larger than the ratio of adhesive to timber in laminated products. Hence, the adhesive plays a 
more important role in the overall structural behaviour and fire failure modes in the former case 
than in the latter. To address this knowledge gap, the methodology developed herein explores 
flammability of laminated bamboo having different types of adhesive and variable lamellae 
configuration. By doing so, it is possible to correlate the fire behaviour of the bamboo product 
with the composition of the adhesive and the disposition of the lamellae (i.e. parallel or 
perpendicular to the heating source). Through an adequate description of heat transfer processes 
within bamboo when exposed to fire, and by predicting its possible forms of failure, a holistic 
understanding of its fire performance is achieved.  
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1.4 Aim of research  
This investigation intends to collaborate with research and industry efforts aimed at developing 
alternative products, by bringing knowledge-based, reliable data that can be used as an aid for 
assuring the safe and efficient use of bamboo in structures. The main objective is to characterise 
the fire performance of bamboo by understanding its behaviour when exposed to realistic 
heating regimes. This will contribute to determining how, under burning conditions, bamboo 
products will affect the development and growth of a fire and establish a framework for the safe 
use of these products.  
As explained in Sections 1.2 and 1.3, existing studies on the fire performance of laminated 
bamboo are limited. In addition, current testing methods do not provide the information 
required to produce fire-safe bamboo structures. It is necessary to generate a methodology that 
incorporates determination of fire parameters and performance-based design of buildings 
within the same framework. Further, the type of adhesive and the lamellae configuration have 
been established as key variables governing the fire performance of bamboo products. 
To address the knowledge gap described above and to establish a comprehensive approach to 
fire-safe design of laminated bamboo structures, the specific objectives of this research thesis 
are: 
The specific objectives of this research thesis are: 
 To develop a holistic methodology for assessing the fire performance of bamboo 
products, which incorporates the principles of performance-based design. 
 To determine the thermal degradation process of laminated bamboo and the conditions 
which ignition can happen; and to evaluate the effect of the type adhesive and the 
lamellae configuration. 
 To characterise the flame spread and fire growth behaviour on laminated bamboo 
materials while assessing the effect of the type of adhesive and the lamellae 
configuration..  
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 To estimate the contribution of laminated bamboo products to the size of the fire and its 
heat release rate, in order to assess the risks of flashover in a compartment. 
 To provide an understanding of the self-extinguishment behaviour of  laminated 
bamboo accounting for the type of adhesive and lamellae configuration, and evaluate 
the implications upon fire-safe design. 
 To research the fire behaviour of engineered bamboo products and compare it with 
similar timber-based alternatives. 
 To identify and evaluate the weakness and strengths of bamboo and to establish the 
fundamental principles which govern a fire-safe design of bamboo structures.   
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1.5 Outline of chapters 
A brief description of the eight chapters of this thesis is presented below.  
Chapter 1. Engineering Bamboo: a novel construction material 
Chapter 1 introduces engineered bamboo as a novel construction material and describes the 
motivation for this project, which consists in providing unprecedented thermal and 
flammability properties and proposing a performance-based methodology that allows for fire-
safe design. The characteristics of engineered bamboo products are presented, as well as a 
discussion on the importance of studying their performance in fire.  
Chapter 2. Principles for a performance-base design framework 
This chapter outlines the problem addressed in this research project, indicating the relevance of 
understanding the reaction of bamboo when exposed to fire conditions. The concepts of thermal 
degradation, ignition temperatures, spread of the flame, heat release, evolution of the heatwave 
inside a material and self-extinguishment, which will be used to characterise laminated 
bamboo’s behaviour are presented. More importantly, a methodology is presented where the 
fire properties of laminated bamboo are framed in the built environment context, with the 
ultimate goal of enabling safer fire design of structures incorporating laminated bamboo. 
Literature review of the limited similar studies of fire and bamboo available to this date are also 
discussed in this chapter. 
Chapter 3. Thermal characterisation of bamboo 
Chapter 3 addresses the experimental work, methodology, and results completed for the thermal 
characterisation of laminated bamboo. Parameters such as the pyrolysis temperatures, thermal 
conductivity, specific heat, thermal inertia and specific are obtained and described. Such 
parameters describe the basic properties that will be used as groundwork for the subsequent 
chapters.  
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Chapter 4. Flammability characteristics of laminated bamboo 
This chapter studies the processes that characterise the first stage of a compartment fire. The 
ignition problem is understood herein by means of testing using the Cone. The fundamental 
ignition model s described and its associated limitations and uncertainties are discussed . 
Temperature of ignition, times for ignition, critical mass loss rates, and heat release rates are 
presented. Variations on such parameters due to sample orientation and type are assessed.  
Chapter 5. The spread hazard of fire in bamboo 
The stage of fire growth is explored here by measuring lateral and vertical spread. The 
predominant role of delamination over the rate at which a fire develops is explored. The 
theoretical fundamentals supporting the flame spread model used to describe displacement of 
the fire front is presented in this chapter. The experimental methodology used to measure lateral 
and vertical flame spread, as well as its limitations and uncertainties, is depicted.  
Chapter 6. Thermal evolution and self-extinguishment 
Chapter 6 describes the intrinsic processes relevant to the final stage of a fire: decay and 
extinction. The theory and models used to obtain the thermal evolution inside laminated 
bamboo samples, as well as the method to measure charring rates are presented. Self-
extinguishment is also studied herein, with the objective of pinpointing the conditions under 
which a fire will not be sustained. 
Chapter 7. Influences of laminated bamboo in the fire dynamics  
This chapter summarises all previous results and analyses bamboo’s performance in the context 
of medium and larger-scale experiments. More importantly, the chapter builds up on the 
methodology presented in Chapter 2 and establishes the conditions under which each of the 
stages of a compartment fire takes place. By doing so, previously unavailable reference values 
are made available to designers or engineering professionals involved currently dealing with 
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this product. Similarly, this chapter sets the grounds for a knowledge-based discussion, among 
the research community, on the fire performance of laminated bamboo. 
Chapter 8. Conclusions 
The main conclusions resulting from the testing campaigns and derived discussions as presented 
in the previous chapters are summarised herein. More importantly differences in the fire 
behaviour of laminated bamboo resulting from variations in adhesive types and lamellae 
orientation are highlighted in this chapter. Last, the chapter outlines the study gaps still present 
and recommends future work needed to achieve fundamental understanding of the material, 
including chemical processes and detailed heat transfer modelling.  
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Chapter 2. Principles for a performance-based design framework  
2.1 Introduction 
Recent experiences of fires in tall buildings, like the Grenfell Tower in London (2017) and the 
Address Hotel in Dubai (2015) are an example of how the lack of knowledge of a material’s 
behaviour can lead to a catastrophe. Economy and productivity during the construction stage 
are the interests that drive the development of innovative building products, which in many 
cases, are fire-tested in a secondary stage against an existing code based on fail-pass criteria.  
The prescriptive codes used for fire safety assessment are in most cases outdated or not suitable 
to verify the required performance indicators in an appropriate way. Moreover, current 
standards are not reviewed as quickly as the industry evolves. Product development companies 
use highly advanced techniques to produce complex composites and chemically modified 
products, and subsequently demand their introduction into the built environment at a pace that 
regulating authorities cannot match.  
In terms of fire safety, this situation creates a big distortion between the need to contribute to 
the growth of the construction industry and the obligation to certify the well-being of the 
occupants of a structure. Although round bamboo has been used as a construction material for 
centuries and its fire behaviour has been documented to some extent, similar information on 
processed laminated bamboo products is still limited. This chapter presents a summary of the 
bibliographic information available, identifies the problem and proposes a study methodology 
aimed at reducing the current knowledge gap for this specific product, by locating its 
characteristics within the compartment fire framework.  
2.2 Understanding the problem 
Previous studies have provided extensive explanations on the behaviour of a fire in a 
compartment, which constitute the basis for performance-based design [1, 2]. Fire occurs after 
a chain of chemical reactions that lead to ignition is set in motion. Depending on the conditions 
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of a compartment and the type of fuel inside, sustained combustion can derive in fire spread 
and reach untenable conditions that provoke human and property losses [3].  
Two main factors define a fire safety design: the Required Safe Egress Time (RSET) and the 
Available Safe Egress Time (ASET). The RSET is the time in which people inside a building 
will be able to evacuate to a safe area. The ASET is the time in which the fire has developed to 
a certain stage, that compromises the building and leads to untenable conditions [4]. In a fire 
strategy, the ASET needs to be much greater than the RSET, guarantying that occupants will 
evacuate the building in a safe manner [5]. Figure 2.1 illustrates the main chain of events during 
a compartment fire, starting from the degradation of the fuel and ignition. Pyrolysis and ignition 
times are close enough to assume that the initiation of the hazardous condition is established 
when pyrolysis occurs. 
 
Figure 2.1 Evolution of energy released in a compartment during a fire with non-
combustible structures.  
Once ignition happens, the fire will spread and grow at a certain rate that may eventually end 
in flashover. At this time, all occupants must have evacuated, as temperatures can reach lethal 
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values around 1,000°C. Hence, it is critical to know in precision the moments at which the 
milestones of the chain of events previously described take place, as evacuation times need to 
be designed accordingly. The importance of the post-flashover stage in design lays in 
determining if the structure will endure the amount of energy released by the fire throughout 
its duration. In this scenario, the fire load and size, as well as the duration of the fully developed 
and decay stages must be established.  
Laminated bamboo products can be used as furniture or linings, in which case they might 
constitute the source of the fire or alternatively contribute to its propagation; or can be part of 
a structural system. In the latter case, they will not only affect the spread and size of the fire, 
but have a major role in the stability of the structure during and after the fire event.  
Structural integrity demands that all load-bearing elements in a structure must resist the full 
burnout of the fire and not collapse in any point during or after. Consequently, in order to assure 
that the load-bearing elements will remain in place and deliver their functionality demands 
even after intervention by the fire brigade and/or decay phase, the maximum energy of any 
realistic fire happening in a compartment must be previously known and accounted. 
2.3 Changes in the compartment’s fire dynamics 
As mentioned before, development of novel materials is usually accompanied by a lack of 
knowledge in relation to their fire behaviour. Therefore, the fire dynamics in a compartment 
that has been built using such products might undergo big variations. In a given scenario, Figure 
2.1 could no longer be applicable and fire safety design will need additional considerations, 
since the modified fuel characteristics are not well understood. Figure 2.2 illustrates how the 
introduction of novel materials with unknown properties raises many uncertainties. For 
example, the assumption related to pyrolysis signifying the onset of ignition could no longer 
be valid, deriving in an earlier hazardous condition. With the change in the fuel load, the 
velocities of the fire spread may increase and lead to faster flashover times, cutting short the 
available egress time. Last, the energy exposition sustained by the structure could be of a higher 
magnitude and last for a longer period, affecting neighbouring buildings and fire fighters 
attending the scene.  
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Even if the occupants of the building followed a previously drafted, well-defined egress 
strategy, the potential scenario described above would make it obsolete and inefficient. The 
only possible solution against such an adverse situation is providing knowledge-based 
provisions derived from a systematic study of the material’s thermal properties and fire 
behaviour.  
 
Figure 2.2. Change in the dynamics of the fire. 
Figure 2.2 provides a graphic representation of the ultimate goal pursued in this thesis. In 
Chapters 3 to 6, laminated bamboo’s thermal parameters, which are required to construct the 
time-temperature curve, are obtained by means of experimental testing. As a result, it is 
possible to use those values as input information to generate a design fire that accurately 
represents the product’s combustion process. 
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2.4 Existing literature on fire performance of laminated bamboo  
When it comes to the study of mechanical properties of bamboo products, broad literature can 
be found with different approaches from many parts of the world. However, to the author’s 
best knowledge, there is little research into the fire science of bamboo-based materials in 
general. Different sources have been cited in previous sections of this document, which are part 
of the literature review completed to develop a full understanding of the problem. Future 
sections contain further citations of the bibliographic references that have contributed to 
formulating the research needs that provide the grounds for this thesis. However, this section 
focuses exclusively on the findings related to the fire performance of bamboo as a construction 
material.  
2.4.1 Thermal properties 
Well-known thermal physical properties determine the heat transfer process in bamboo. 
Although they indeed have been investigated, in most cases, the aim of the research was to 
determine the environmental and energy performance of buildings made from these materials 
and their thermal comfort in hot and cold days. None of these studies accounted the thermal 
properties at elevated temperatures, nor did the analysis considered understanding the fire 
performance approach. Table 2.1 shows results obtained by previous researchers.  
Table 2.1. Thermal conductivity and specific heat capacity. 
Material 
Density 
[Kg/m3] 
Thermal 
conductivity [kW/mK] 
CP AMBIENT 
[kJ/kgK] 
Ref 
Round Bamboo - 0.227 - [6] 
Bamboo fibre reinforced composite - 0.185 - 1.196 - [7] 
Laminated bamboo 650 
0.11- perpendicular to grain 
0.23 - parallel to grain 
- [8] 
Laminated Bamboo (Moso) 626 
0.20 - 0.35  
parallel to grain 
 
1.8 
[9] 
 
Bamboo Oriented Strand board (Guadua) 714  - 
Laminated Bamboo 
 Esterilla sheet (Guadua) 
792-713 1.75 
Bamboo Veneer board (Moso) 960 -  
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Kodur et al. [10], point out that since all of these parameters are dependent on the morphology 
structure, measured values of the thermal conductivity depend on the temperature gradient 
employed during the test. This can be the answer to why many differences are found in thermal 
conductivity data results, as presented in Table 2.1.  
However, none of these studies address the role of thermal conductivity and its effect on heat 
transfer and bamboo’s ability to conduct heat, nor the rate at which energy will be transported 
by the diffusion process. As an outcome of this research, thermal conductivity of different 
laminated bamboo samples is presented, and a description is provided to show how the 
variations in thermal conductivity affect the heat transfer rate. Further, these findings are also 
used to explain potential variations in charring rates and failure modes of laminated bamboo, 
which are by themselves key parameters in the design of fire-safe bamboo structures. 
2.4.2 Flammability 
2.4.2.1 Guadua angustiolia kunth: Ignition and flame spread 
Quantification of flammability in solids is a key starting point because it determines the general 
fire behaviour and fire spread. When a material ignites, it contributes to the propagation of 
flames in a structure. However, if absence of ignition does not necessarily mean that its fire 
safe. Considerations like loss of integrity due to phase change (for example melting) and 
production of toxic gases are part of the analysis that must be assessed apart from the ignition 
scope. For this literature review, two works were found that evaluated these properties. 
In 2011, Mena et al. [11] conducted a series of experiments to assess the flammability of round 
bamboo and glue-laminated bamboo (Guadua a.k). They based their research in the following 
tests: 
Critical heat flux for ignition: Lateral Ignition and Flame Spread test (LIFT) which found the 
critical heat flux by exposing the material to a constant heat flux and determining the relation 
between the energy received by the material’s surface and the time before ignition takes place. 
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ASTM E1321 was followed [12]. Charring rates: Exposure of one surface to an electronic 
muffle furnace for a maximum temperature of 1,050°C following the standard time-
temperature curve ISO 834 [13]. Samples were cut, observed and measured.  
The results for the critical heat flux for ignition and flame spread can be seen in Table 2.2. For 
almost all cases, the performance of bamboo was found to be better than that of plywood.  
Table 2.2. Results of Mena et al.'s assessment [11]. 
Assessment 
Round bamboo 
(Guadua) 
Laminated bamboo 
(Guadua) 
Plywood 
Critical heat flux for ignition (kW/m2) 14 14 11 
Global charring rates (mm/min) 0.2 0.48 0.48 
Flexural strength (MPa) at 15°C  173 114 88 
It is important to highlight that the charring rate assessment through the standard time –
temperature ISO curve using a furnace test [13], used by Mena et al. has been approved in 
standards and codes. However, recent literature has shown that this method can be unrealistic 
and can create a false criterion in the understanding of material behaviour [14-16]. Hence, the 
results of charring rates that come from this methodology need to be re-assessed.  
2.4.2.2 Phyllostachys Pubescens Moso: Laminated and bamboo scrimber ignitability and 
charring properties 
In a second research, Xu et al. [17] assessed flammability of bamboo by conducting a series of 
experiments using the Cone Calorimeter with the objective of investigating the flammability 
and charring properties of two types of engineered bamboo. They based his research in the 
following testing: 
Critical heat flux for ignition: exposing the samples to three incident heat fluxes of 25, 50 and 
75 kW/m2 by means of the Cone Calorimeter. Following the integral model methodology [18], 
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with the data obtained in the previous step he graphed √𝑡𝑖𝑔 against the heat release rate and 
calculated the critical heat flux through the formula ?̇?𝑐𝑟
′′ =  
?̇?𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
′′
0.76
 [17, 18].  
Charring rates: the samples were exposed to three incident heat fluxes of 25, 50 and 75 kW/m2, 
and for each heat flux. Tests were repeated for different durations that went from 5 to 60 on 5 
min intervals. Samples were cut, observed and measured. The results of the experiments are 
summarised in Table 2.3. The results of the charring rate test were purely visual and depended 
only on the unique set up of this experiment. However, no further analysis of the materials 
properties, or its thermal degradation, was provided.  
The charring rates obtained in [17] are applicable only when bamboo is exposed at set heat 
fluxes (25, 50 and 75 kW/m2) and therefore useful in limited applications. This thesis 
contributes to enlarging knowledge on laminated bamboo by testing a wider range of heat 
fluxes, starting from 10 to 80 kW/m2, and providing a deeper analysis with many more data 
points of experiments carried out under controlled and repeatable testing conditions. This will 
provide additional values of charring rates that are applicable to a wider range of heating rate 
conditions. The results that are presented can be used as a reliable reference for design. 
On the other hand, the methodology used by Xu et al. for flammability assessment is based on 
the thermal integral model proposed by Spearpoint and Quintiere [18]. This methodology uses 
numerical formulations that simplify the problem without the need of running the actual 
experiment for the critical heat flux, but instead exposing the sample to only three high heat 
fluxes.  
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Table 2.3 Test results for laminated bamboo and Bamboo scrimber. Adapted from [17]. 
Types Laminated Bamboo Bamboo Scrimber 
Orientation Across grain Along grain Across grain Along grain 
Calorimeter heat 
flux 
25 50 75 25 50 75 25 50 75 25 50 75 
Density [kg/m3] 677 677 677 677 677 677 1071 1071 1071 1071 1071 1071 
Moisture 
content [%] 
10.5 10.5 10.5 10.5 10.5 10.5 10.9 10.9 10.9 10.9 10.9 10.9 
Density @ 
MC=12% 
[kg/m3] 
687 687 687 687 687 687 1083 1083 1083 1083 1083 1083 
Time to ignition 
[s]  
132 18 9 147 28 12 189 33 15 313 59 23 
Critical heat 
flux [KW/m2] 
6 6 6 7 7 7 7 7 7 8 8 8 
Ignition 
Temperature 
[ºC]  
297 297 297 320 320 320 320 320 320 340 340 340 
Thermal 
response 
parameter 
[KWs1/2/m2] 
235 235 235 269 269 269 297 297 297 376 376 376 
First peak HRR 
[KW/m2] 
183 235 311 162 239 304 220 231 282 139 204 273 
Time at first 
peak HRR [s] 
130 40 28 175 52 31 204 56 32 355 82 46 
Average heat 
release rate in 5 
min [KW/m2] 
91 135 168 72 121 148 75 118 152 48 116 144 
Effective heat of 
combustion 
[MJ/kg] 
11 13 12 8 11 11 9 11 11 7 11 10 
Average char 
rate (30 – 60 
min) [mm/min] 
0.76 0.76 0.44 0.58 
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2.4.2.3 Phyllostachys Pubescens Moso: Ignitability and mechanical behaviour  
Research conducted by Roberts [19] and Chapman [20] assessed the flammability of laminated 
bamboo by conducting a series of experiments described as follows: 
Critical heat flux for ignition: cone calorimeter in a vertical set up exposing heat fluxes between 
14-50kW/m2, obtaining delay time vs external heat flux plot (tig vs 𝑞"𝑒̇  ). Charring rates: using 
thermocouples in depth, a temperature profile was drawn and compared with a heat transfer 
model based on the isotherm 300°C. Table 2.4 shows a summary of the results. 
Table 2.4 Results on laminated bamboo assessment [19]. 
Assessment Laminated bamboo  
Critical heat flux for ignition (kW/m2) 14-15 
Temperature for ignition °C 450-485 
Initial charring rate mm/min  0.83 (*) 
(*) The author states that more tests should be carried out. 
Results suggest that bamboo has a higher critical heat flux for ignition than timber. As for the 
charring rates, according to Roberts, the timber-based model and methodology employed needs 
to be reassessed due to the high level of uncertainty in the results. 
Both authors completed their analysis using a timber-based methodology. Roberts [19] 
concluded that this method was inadequate, and pointed out the need to develop a proper 
methodology that accounts for bamboo’s particularities when trying to understand the 
temperature gradients behind the char front. The generation of the temperature profile 
referenced by Roberts is a key input for correct design of structural elements.  
2.4.3 Bamboo large scale compartment testing 
In a report published in 2012, Xiao and Ma [21] summarised the results from a large scale 
compartment fire test in a room made of laminated bamboo. Noticeably, all bamboo structural 
members were protected by gypsum boards and little was learned about the actual behaviour 
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of bamboo in this scenario. The report describes the size of the fire, the disposition of wood 
cribs used as fuel and the ways windows broke. As the structure was able to maintain integrity 
due to the protective gypsum boards, findings in the field of fire safety engineering were 
limited. Without explaining the followed methodology, the authors provide a global average 
value of the charring (less than ¼ of the sectional dimension), but no further discussion is 
provided. 
The limited information available in relation to bamboo’s fire performance gives added 
relevance to the significance of the current research work. While some of the references found 
in the literature review offered a vague approach, other researchers raise questions regarding 
the testing method implemented and address the need to take the study further. The following 
section describes the path of analysis taken herein, towards providing the relevant information 
required in a fire-safe design. This work does not intend to be conclusive, but rather provide a 
firm basis from where further experimentation and analysis can be enhanced.  
2.5 Principles for a performance-based design framework  
Figure 2.1 illustrates the chain of events that constitute a developed fire. Based on that 
sequence, which is a function of the thermal properties of the involved materials as well as the 
configuration and dimensions of the compartment, the need to understand the fire performance 
of laminated bamboo is outlined by the following steps: 
 Thermal decomposition and pyrolysis 
 Ignitions times and ignition temperatures 
 Velocity of flame spread 
 Energy released to by the material 
 Evolution of the heat wave 
 Conditions for self-extinguishment 
The main purpose of this research project is to assess the fire performance of laminated bamboo 
from a performance-design perspective. In order to achieve this goal, the first step is to obtain 
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reliable and suitable of data the thermal properties of bamboo.  These parameters are important 
because they are the input information required to describe the processes of pyrolysis, flame 
spread and self-extinguishment, among others, that characterise the phases of the fire as 
described in Figure 2.1. 
Reducing the risk of ignition in bamboo structures requires deep knowledge of the 
decomposition and pyrolysis processes, which dictate the range of temperatures in which 
ignition may occur at a given ignition time. Furthermore, in the event of ignition, proper 
characterisation will determine the velocity of the spread of the flame in laminated bamboo 
materials, to define its contribution to the growth and size of the fire. This will enable the 
quantification of the energy released by bamboo in a fire, in order to assess the risks of 
flashover in a compartment. By using this information, the designer will be capable to 
determine the available evacuation times of occupants. In addition, the data related to the 
amount of energy that a bamboo compartment fire could potentially release, enhances a robust 
structural design that accounts for the duration of the burnout process. The evolution of the 
thermal wave will allow the formation of the char layer and will affect the heat transfer process 
inside the bamboo element, affecting its mechanical performance.  
In a composite product where bamboo layers intersperse with adhesive, the thermal processes 
taking place during each phase of the fire (ignition, growth, fully-developed phase and decay) 
become more complex. This is because heat is transferred through different media (bamboo 
and adhesive) that responds to heat in different ways and physically degrades at variable rates. 
As a consequence, changes in the fire dynamics, as shown in Figure 2.2, are harder to predict. 
Furthermore, phenomena like fall-off is prone to occur and constitutes an additional variable 
to the equation. Once again, existing information on this aspect is limited and the ability to 
predict structural collapse due to reduction of its cross-section and impairment of the 
loadbearing capacity is still incipient. Conclusively, the use of laminated bamboo structural 
elements in buildings requires guaranteeing that the element will self-extinguish, effectively 
avoiding structural failure by maintaining the required cross section and predicting the 
mechanical properties of the heated region. 
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The next chapters of this thesis document expand in each point, obtaining a quantification of 
each of these parameters, reaching a full characterisation of laminated bamboo derived from 
thoughtful experimentation. The methods, equipment and auxiliary software used for this 
purpose are introduced below along with validating theoretical references that together provide 
a clear picture of the holistic approach to develop a performance-based design for safe 
laminated bamboo structures.  
2.5.1 Thermal characterisation  
The thermal degradation is the first step of a fire event, where the onset of hazard initiates. To 
characterise this process it is critical to determine the chain of reactions happening during a 
fire. Chapter 3 presents the experimental results obtained for the characterisation of pyrolysis 
temperatures, thermal conductivity and radiative properties. A summary of the methodology 
procedure to calculate every variable is presented below.  
2.5.1.1 Pyrolysis temperatures  
To determine the thermal degradation of bamboo, simultaneous thermal measurements were 
performed using Thermo-gravimetric Analysis (TGA) and Differential Scanning Calorimeter 
(DSC). Di Blasi’s [22] theory on how the degradation varies with the rate of heating, was 
assessed by conducting tests where heating rates from for 1-20°C/min were applied in air and 
nitrogen atmospheres. These tests allowed determining the pyrolysis temperatures 
simultaneously. 
2.5.1.2 Thermal conductivity  
Thermal conductivity is a material property that determines the rate at which energy is 
transported through a solid media and thus helps to define its ability to conduct heat. The 
thermal conductivity of bamboo and bamboo composites was determined with the use of the 
Transient Plane Method (TPS). The test was repeated in different configurations of the samples 
(perpendicular to the grain, parallel to the grain, etc.) in order to take into consideration an 
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extensive range of scenarios in which the material can be arranged. Tests were carried out for 
ambient conditions as well as for elevated temperatures. 
The TPS method (Figure 2.3) is based on the use of a transiently heated plane sensor that 
conducts electrical impulses in a double spiral pattern. This sensor is fitted in between two 
sample pieces, and through the application of an electrical current, the temperature of the sensor 
increases and the resistance temperature is recorded as a function of time [23, 24].  
 
Figure 2.3. Transient Plane Source [25]. 
2.5.1.3 Radiative properties  
The accuracy of the heat transfer models that are used for performance-based designs is a direct 
function of the correct determination of the radiative properties. Since the correlation between 
the radiation intensity with ignition times has been scientifically proven, such properties enable 
the prediction of correct pyrolysis models for fire scenarios, meaning that the temperature-
dependant surface absorptivity must be known [26]. This is achieved by means of an Infrared 
Spectroscopic Analysis (FTIR) and its accessory, the Integrating Sphere system. Both allow 
determining the radiative properties of bamboo, namely absorptivity and emissivity of the 
sample’s surface [27].  
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2.5.2 Flammability  
Flammability is a key parameter to understand the onset of the hazard or when ignition happens. 
It is a key element to understand how the growth of the fire will affect evacuation and structural 
integrity. In the chain of reactions described in Figure 2.1. The characterisation of ignition will 
be presented in detail in Chapter 4, and only a summary of the methodology procedure is 
presented in this section. 
2.5.2.1 Determining ignition, growth and size of the fire  
Flammability properties of bamboo are studied by means of piloted ignition tests using the 
Cone Calorimeter (Figure 2.4). This is a fire testing equipment that measures oxygen 
consumption and mass loss during the combustion process of a material. Samples are exposed 
to a range of heat fluxes (10-80 kW/m2, for statistical validity) granting as a result the critical 
heat flux for ignition as well as the temperature and time for ignition. When the sample ignites, 
gases are collected into the extraction hood, and filtered before reaching the gas analysers to 
remove unwanted particles and water [28]. At this point, mass loss rates, smoke concentrations 
and heat release rates can be calculated by consumption calorimetry [29].  
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Figure 2.4. Cone calorimeter, The University of Queensland. 
The results obtained with this testing are the burning rates and heat release rates, information 
which is critical when calculating the size of the fire and burning rates. 
2.5.2.2 Characterisation of the spread of the fire  
Flame spread of laminated bamboo is characterised according to the theory and methodology 
associated with the Lateral Ignition and Flame Spread Test (LIFT) apparatus, ASTM E1231-
13 [12]. Opposed and concurrent flame spread frameworks are used for analysis, making 
possible to obtain the progression distance of the flame, maximum travelled distance, effective 
spread, time and critical heat flux for extinction, as well as the Flame Spread Parameter, a value 
that can be used for material classification. Chapter 5 presents the details of the lateral and 
vertical flame spread testing and the results obtained.  
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The correct understanding of how fire spreads in laminated bamboo, along with the area and 
rate of burning, will allow determining the evolution of the fire and whether bamboo alters the 
time to flashover.  
2.5.3 Thermal evolution and self extinguishment  
Understanding the evolution of the heated wave in a material is important to assess the 
behaviour of the element under elevated temperatures. Charring and its contribution to self-
extinguishment are both key elements to guarantee structural integrity when designing with a 
combustible material.  
To achieve the quantification of these parameters, the Cone Calorimeter was used to expose 
bamboo samples to incident heat fluxes ranging between 15-80 kW/m2, in order to measure the 
temperature profiles through their depth. Temperature was measured by thermocouples 
inserted perpendicular to the exposed surface, from the back of each sample. Self-
extinguishment parameters, such as time to flame out and mass loss, were calculated following 
a similar procedure as presented by Reszka [30]. The burning process of the samples was 
analysed by determining the critical mass loss rate at the fire point and identifying extinction 
as detailed by Rasbash et al. [2]. Chapter 6 presents the results and analysis for the self- 
extinguishment and in-depth thermal waves. 
2.5.4 Failure mechanisms  
During each stage of the fire, specific thermally induced phenomena is triggered by the 
combination of thermal properties and compartment configuration. For example, delamination 
in the bamboo product can alter the flashover time, especially for larger rooms. When such 
event negatively affects the performance of the structure, i.e. provokes a drastic reduction of 
the ASET, it is referred to as failure mechanism.  
The final step of this research project brings together all the findings and data obtained through 
the fire characterisation, locates each thermally induced process in the time line that describes 
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a real-life fire development and identifies the consequences of their occurrence on the overall 
fire performance of the affected structure. All possible uses of laminated bamboo, ranging from 
a standalone item (furniture) that simply contributes to the fuel load, to critical structural 
members, are taken into account. The end-result is a holistic view of the fire-related 
implications that should be foreseen during the design stage, as well as the precautions that 
must be included in the fire safety strategy of an occupied building.  
2.6 Laminated bamboo samples  
The laminated bamboo samples studied in this project were from the species Phyllostachys 
pubescens (Moso). This species was selected  because it is the most commonly  used in 
Australia, Asia, and Europe. Testing was performed on three different kind of laminates that 
are currently available in the construction industry. They are most commonly used in buildings 
as wall linings, flooring, ceiling coverings, and structural elements.  
To understand the different behaviour when having a building compartment with laminated 
bamboo products either as a lining material or structural element, samples with different 
thickness (45 mm, 90 mm and 100 mm) were tested perpendicular to the grain. To identify the 
influence of the orientation within a single component when acting as a structural element, one 
sample type was also tested parallel to the grain.  
Laminated bamboo is comprised by strips up to 10 mm thick. For practical testing purpose, 
samples need to have a minimum thickness such that a representative number of layers is 
present. In addition, thickness for current industry applications ranges within the limits 
presented above, for the case of linings and floorings. When used for structural purposes such 
values need to be larger, as loadbearing capacity is a direct function of the cross-section 
dimensions. Selection of the sample size also factored in the requirements for testing thermal 
properties. Since parameters like thermal conductivity are a function of the length of the media 
and given that this research focuses on the use of bamboo inside a compartment fire, sample 
thickness with an order of magnitude within the centimetres were deemed appropriate.  
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As laminated bamboo is a material composed of many small strips glued together, to 
understand the burning behaviour of laminated bamboo products with different adhesives this 
project explored the vulnerability of the bonding product used during the manufacturing 
process. Therefore, three samples types with three different adhesives were also studied.  
Samples were named: A, B and C. The bamboo strips were bonded together with urea 
formaldehyde, phenol resorcinol formaldehyde, and phenol formaldehyde, respectively. 
Sample A, used as a lining and furniture material, had almost half the thickness compared with 
samples B and C which are intended to be used as structural elements. According to the 
information made available by the providers, manufacturing of the three samples followed a 
similar caramelisation process. To determine the moisture content of each specimen the 
Standards test methods for Direct Moisture Content Measurement of Wood and Wood-based 
Materials ASTM D442-16 was followed.  Table 2.5 shows the general characteristics of each 
sample type.  
Table 2.5 Sample description for Phyllostachys pubescens (Moso) 
Sample 
Type of adhesive present 
in sample 
Density  
[kg/m3] 
Moisture 
Content [%] 
Height  
[m] 
A Urea formaldehyde 575 ± 15 7.17 ± 0.06 0.04 ± 0.00 
B 
Phenol resorcinol 
formaldehyde 
693 ± 16 6.08 ± 0.40 0.09 ± 0.00 
C Phenol formaldehyde 734 ± 20 8.12 ± 0.02 0.10 ± 0.00 
Sample A and B were tested perpendicular to the grain, with the bamboo strips placed flatwise. 
Sample C was tested perpendicular to the grain, with the bamboo strips placed flatwise, 
edgewise and parallel to the grain. Table 2.6 shows the description of the testing nomenclature 
used throughout this document and a representative picture indicating the location of each side.  
Side PP1 and PP2 refer to the surface that is exposed perpendicularly to the fibre with bamboo 
strips positioned flatwise and edgewise, respectively, while side PLL is the nomenclature 
assigned to the surface that has been exposed in a parallel way. The difference between PP1 
and PP2 is that on PP1, the long side of the strip (around 10 mm) is placed horizontally while 
in PP2 the long side of the strip is placed vertically.  
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Table 2.6 Nomenclature of the surface tested on the laminated bamboo samples. 
Side Description Nomenclature 
 
-Perpendicular to the grain 
-Surface xy 
-Strip Flatwise 
PP1 
-Perpendicular to the grain 
-Surface yz 
-Strip Edgewise 
PP2 
-Parallel to the grain 
-Surface xz 
PLL 
In each of the following chapters, a more detailed description of the sample type used will be 
made, as each set of tests required different configurations, sizes and shapes to fulfil each 
assumption or testing requirement. Figure 2.5 illustrates, in a general way, the range of sample 
configurations used.  
  
Figure 2.5 Different kinds of samples of Phyllostachys pubescens (Moso) were tested.  
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2.7 Summary: towards a performance-based framework 
As explained in previous sections, the main objective of this research is to establish the 
fundamental groundwork towards a performance-based design framework specific to bamboo 
structures. To achieve this goal, the approach followed throughout this study is based on 
correlating each of the phases of a fire (see Figure 2.1) with a major area of study. Accordingly, 
the growth phase is determined by the flammability parameters, the fully-developed phase is 
driven by the heat transfer which governs the thermal evolution inside the material and the 
decay phase is predominantly determined by the process of self-extinguishment. Figure 2.6 
below depicts a concept diagram that represents this scheme.  
 
Figure 2.6 Assessment of laminated bamboo from a performance-based perspective. 
On the left-hand side of the diagram, thermal characterisation of bamboo is included as the 
initial stage that generates the first input values for each of the three study areas previously 
mentioned. Two other input variables relevant to laminated bamboo products are also 
presented: the effect of the adhesive and the effect of lamellae orientation. Together, these 
phenomena drive the occurrence of fall-off which directly affects the fire performance of the 
bamboo structure. Last, the determination of failure modes is shown on the right-hand side as 
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an output of the proposed study model. As presented, this is highly valuable because it allows 
to create a cause and effect correlation between specific material properties and a failure 
mechanism that emerges at a given phase of the fire and sets the stage for the relevance on the 
continuation of future work. 
Following the general approach described above, bench-scale testing was applied to obtain the 
variables relevant to bamboo’s thermal characterisation (first-line input) and the study areas 
that describe the phases of the fire. Figure 2.7 illustrates the methodology of study that is 
developed throughout the thesis and effectively outlines the upcoming chapters of this 
document. 
 
Figure 2.7 Methodology proposed and followed in this research project. 
In Figure 2.7, the parameters required by an engineer to deliver a fire-safe design are 
categorised in the first four columns. These categories comprise the fundamental thermal 
properties for which current knowledge, in the case of bamboo, has proved to be limited. As 
explained throughout this chapter, the same categories from left to right describe the stages of 
a fire, starting from ignition (which is governed by the pyrolysis temperatures), moving on to 
the heat release rate that quantifies the size of the fire and culminating with the phenomenon 
of self-extinguishment, that effectively ends it. The last column accounts for the description 
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and analysis of failure modes, identified in pre-flashover or post-flashover phases, as 
previously explained. 
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Chapter 3. Thermal characterisation of bamboo 
3.1 Introduction 
Many solids suffer chemical reactions at low temperatures that can change their behaviour. The 
understanding of how a material decomposes with the increase of temperature is important to 
determine their possible failure modes. This chapter presents the results of a set of experimental 
tests performed on samples of laminated bamboo, aimed at providing qualitative and 
quantitative assessments of its thermal characterisation, as it studies the degradation process, 
thermal transport and radiative properties of bamboo.  
Thermo-gravimetrical analysis (TGA) was used to determine the decomposition rate of 
bamboo. Tests to determine thermal conductivity properties were also performed in order to 
quantify the ability of this material to behave as a heat-conducting media. Last, the Infrared 
Spectroscopic Analysis method was applied to determine the radiative properties of bamboo, 
including absorptivity and emissivity of the sample’s surface. All these properties have a 
fundamental importance in the development of a heat transfer model inside the material.  
3.2 Thermal degradation  
When a material at ambient temperature is subjected to an external heat source, the first 
expected reaction is a surface temperature increase. A series of physical and chemical thermal 
decomposition process will start to occur and the solid material will degrade until it reaches a 
pyrolysis temperature that will enable the onset of ignition [1].  
Pyrolysis is understood as an endothermic chemical reaction in which a solid material degrades, 
in the absence of oxygen, into various products of low molecular weight that are able to 
volatilise from the surface into the flame [2]. At a certain threshold value, the chemical 
decomposition of the different constituents of the material will yield enough volatile products 
from the surface and reach ignition. 
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3.2.1 Pyrolysis temperatures of bamboo 
Generation of pyrolysis gases depends on the nature of the material. It has been previously 
determined that bamboo is composed of cellulose (26-43%), hemicellulose (15-26%) and lignin 
(21-31%) [3-5]. Bamboo’s composite fibre structures or microfibrils in a matrix combined with 
hemicellulose and lignin [6, 7], are the ones that provide the rigidity and strength; and define 
the overall structural behaviour characteristics. In the event of a fire, the thermal degradation 
of these fibres govern the collapse of the element. Hence, determining the critical temperature 
at which the material strength will drop is the first step towards evaluating structural integrity. 
Each of these three polymers decomposes in the bamboo matrix at different stages of the heating 
process; a full understanding the actual sequence is of vital importance in order to determine 
the general pyrolysis temperature. 
As stated by Drysdale [2], fire behaviour of combustible materials can be interpreted in terms 
of the properties of the volatiles, and their thermal stability can be measured by the rate of 
decomposition in time measured by: 
?̇? =
𝑑𝑚
𝑑𝑡
 (3.1) 
The thermo-gravimetric analysis (TGA) measures the rate in change of mass as a function of 
the increasing temperature, inside a controlled atmosphere. This test is used to measure the 
material’s mass loss due to its oxidation, decomposition or the amount of volatiles lost, and to 
determine the thermal and oxidative stabilities of materials [8]. These degradation trends allow 
characterising each sample and studying the decomposition mechanisms, as well as determining 
the organic and inorganic content remaining after exposition to high temperatures. Thermo-
gravimetric measurement is also used to measure the temperatures and decomposition rates of 
polymers. It can also determine the amount of volatile matter, organic or inorganic material 
present in the sample. This test method can be applied using inert and reactive gas 
environments. 
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3.2.2 Materials and methods 
The Simultaneous Thermal Analyser (STA) 6000, Perkin Elmer, as seen in Figure 3.1 [9] was 
used for the analysis of the samples. This equipment uses a small furnace connected to an 
analytical balance that recorded the mass loss of the sample tested along with the change in 
temperature, with a balance resolution of 1μg.  
 
Figure 3.1. Pelkin Elmer STA 6000 [10] 
For this assessment, tests were conducted in both a controlled inert and an oxidising 
atmosphere. The oxidising atmosphere was comprised of air, with the equipment using a 
constant flow rate of 150 ml /min for the gas and 20 ml/min for the nitrogen purge flow in all 
cases. Testing followed four different constant heating rate of 1, 5, 10 and 20 °C/min for both 
kinds of atmospheres. The STA 6000 was coupled with the programme software Pyris, form 
Pelkin Elmer, and the temperature programme run for each test was: 
 Switch Gas to Air (or Nitrogen) at 20 ml/min 
 Heat from 50 °C to 800 °C at (1, 5, 10 or 20°C/min)  
 At 800 °C hold for 2 minutes.  
It is worth mentioning that at the start of testing of Sample A, the temperature programme 
started at 30 °C instead of 50 °C. However, for the rest of the tests, the start of recording was 
set to 50 °C.  
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Before each set of tests, a heating rate and gas flow-rate baseline were measured for each 
programme. These baselines were obtained using no specimen inside the sample holder, an 
alumina (aluminium oxide Al2O3) crucible, in order to determine any change in mass due to the 
buoyancy and convection processes that could occur in the thermo-balance during the gas flow 
operations. The measured baseline was subtracted in every experiment to obtain the real 
specimen mass.  
In each test, a clean empty crucible was introduced into the furnace and the balance was tared. 
After a measure of 0.00 mg was guaranteed, the crucible was removed and then the specimen 
was inserted in the sample pan and back into the furnace balance. The set up was closed and 
after the initial weight was recorded the temperature programme started. 
All the tests ran with a uniform sample nominal size of 1 mm x 2 mm x 1 mm with a sample 
mass of 13.27 +6.4 mg in accordance with ASTM E1131-08 [8]. The sample sizes and mass 
tested were small to avoid any temperature gradients in the sample. The specimens were taken 
from the exterior side of a bamboo block avoiding as much as possible the glue lines (see Figure 
3.2), and they were carefully shaved from the outside corners with a cleaned knife. However, 
due to the manufacturing process it is possible that the bamboo strips where the sample was 
collected had absorbed some amount of adhesive, which cannot be measured before testing. 
 
Figure 3.2. Laminated bamboo sample collected area, no glue lines included. 
All experiments were conducted at least twice to check the repeatability of the results Table 3.1 
shows the experimental campaign tests for each sample. In particular cases, experimental data 
needed to be discarded because of measurement errors. In addition, given the time limitations 
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resulting from the availability of the testing instruments, some experiments could not be 
conducted more than twice to satisfactory results. In those occasions, the results were assessed 
and deemed appropriate due to the high repeatability observed.  
Table 3.1 Test matrix of Thermogravimetrical Analysis. 
Test Atmosphere 1 [°C/min] 5 [°C/min] 10 [°C/min] 20 [°C/min] 
Baseline 
Air 1 1 1 1 
N2 1 1 1 1 
Sample A 
Air 2 2 3 3 
N2 2 2 4 4 
Sample B 
Air 2 2 2 3 
N2 2 2 2 2 
Sample C 
Air 2 2 2 2 
N2 2 3 2 2 
3.2.3 Results and discussion  
The results presented in this section are derived from the thermo-gravimetric function and do 
not include Simultaneous Thermo-gravimetric Analysis. Each individual test has been plotted 
in Figure 3.3 to Figure 3.6, showing that all the data has a consistent and repeatable trend. The 
results are shown for each sample type A, B, and C, for both atmospheres.  
Figure 3.3 shows the degradation experienced by each sample on a nitrogen atmosphere for 
heating rates ranging from 1 to 20 °C/min. The mass loss is given as a normalised mass being 
the highest value the initial mass of every sample test. All samples show that as the heating rate 
is increased, the starting point of the decomposition happens at higher temperatures.  
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Figure 3.3. TGA curves in N2 of Mass Loss for a) Sample A, b) Sample B, c) Sample C. 
For all heating rates, every sample loses around 5% of its mass as temperature increases from 
50°C to 125 °C, due to the evaporation of the water content inside the specimen. The next major 
mass reduction in sample A happens between 250-350 °C, dropping to around 35%. The total 
mass percentage remaining after the test was finished at 800 °C, was 25% for the heating rate 
of 20 °C/min, 20% for 10 and 5 °C/min and 15% for 1 °C/min. Sample B shows a steep drop 
of mass around 225-400 °C to approximately 30%. At the end of the test the total mass 
remaining was 20% for heating rates of 20, 10 and 5 °C/min and 10% for 1 °C/min. Sample C 
shows similar behaviour to the other samples, with a steep drop of mass in the range of 250 °C 
to 375 °C being nearly 25%. When the test finished, the total mass remaining was 15% for the 
heating rates of 20, 10 and 5 °C/min; however, all the mass was consumed for both tests running 
at 1 °C/min. It is important to highlight that this behaviour is not a typical result for testing in 
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nitrogen, as there is always some char residue left at the end. Tests for sample C were performed 
in a different experimental campaign than for samples A and B, and could be the product of 
some of air entering the chamber causing complete oxidation.  
The degradation of bamboo under nitrogen atmosphere can show different reactions resulting 
from the natural components of the material. In order to distinguish the various degradation 
reactions, the mass loss of each sample is shown as the derivative of the thermo-gravimetric 
curve or DTG.  
 
 
Figure 3.4. TGA curves in N2 of DTG for a) Sample A, b) Sample B, c) and Sample C. 
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Figure 3.4 presents the derivative of the Thermo-gravimetric curve (DTG) of the three samples 
for nitrogen atmospheres. These curves calculate the first derivative of the mass loss over the 
change in temperature. The mass loss is represented by the positive value of the DTG and due 
to the fact that the results of the derivative show a lot of disturbance, these curves have been 
smoothed with the used of Locally Weighted Regression (LOESS) [11, 12].  
For the nitrogen atmosphere, the pyrolysis of bamboo consists of different stages. All three 
samples mark an initial peak during the evaporation temperatures at the initial stage of each 
test, starting at 50 °C and finishing at around 120°C. Table 3.2 detail the high peak for sample 
A (305-341°C), sample B (298-336°C) and sample C (311-362.5°C). Noticeably, Figure 3.4(a) 
shows sample A presented two additional change in slope (around 190-230°C and then around 
260-300°C) that sample B and C did not.  
Table 3.2 Heating peaks for DTG Nitrogen. 
Sample 
Type 
Heating Rate 
[°C/min] 
Highest peak 
Average [°C] St. Dev [°C] 
Sample A 
Nitrogen 
1 305.00 1.41 
5 329.50 0.71 
10 341.00 1.83 
20 336.50 1.73 
Sample B 
Nitrogen 
1 298.50 2.12 
5 323.00 0.00 
10 336.00 0.00 
20 334.00 1.41 
Sample C 
Nitrogen 
1 311.50 0.71 
5 336.67 1.15 
10 349.50 2.12 
20 362.50 2.12 
Figure 3.5 shows the results of the termo-gravimetic analysis for air atmosphere. Same as the 
case of nitrogen atmosphere, it can be observed for all the samples, that as the heating rate is 
increased, the starting point of the decomposition happens at higher temperatures. However, 
sample A shows a different behaviour compared to sample B and C.  
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In all cases, the material loses around 5% of its mass from 50-230 °C, due to the evaporation of 
the water content inside the specimen. From 275-340 °C the sample has lost about 50% of its 
mass. Finally, it was observed that for all samples the total mass remaining could be located 
between 0% and 2% after the test was finished at 800 °C, . Such drop took place in the vicinity 
of 420-560 °C for all heating rates. Although a very good level of repeatability was observed 
between the tests, Sample A shows a slightly different behaviour for tests run at 20 °C/min, as 
it needs a higher temperature to degrade completely (around 700°C).  
 
 
Figure 3.5. TGA curves in Air for Sample A (a), Sample B (b), and Sample C (c). 
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Figure 3.6 presents the derivative of the Thermo-gravimetric curve (DTG) of the three samples 
tested in air. They were calculated following the same procedure mentioned for the tests run in 
nitrogen.  
    
 
Figure 3.6. TGA curves in Air of DTG for Sample A (a), Sample B (b), and Sample C. 
Three distinct derivative thermal degradation (DTG) peaks can be observed for the air 
atmosphere pyrolysis of bamboo. The first peak, similar from the test performed under nitrogen 
atmosphere, happens because of water evaporation and takes place starting from the beginning 
of the test until around 120°C. The second and highest peak is found between 250°C and 340°C, 
while the third peak is found from around 370°C to 515°C. 
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Table 3.3 shows the second and third peaks of average degradation temperatures and the 
associated error. It can be seen that the degradation temperature is directly proportional to the 
heating rate.  
Table 3.3 Heating peaks for DTG Air. 
Sample 
Type 
Heating 
Rate 
[°C/min] 
Highest peak Second peak 
Average [°C] St. Dev [°C] Average [°C] St. Dev [°C] 
Sample A  
Air 
1 257.5 0.71 373.5 0.71 
5 309.0 4.24 452.5 2.12 
10 321.3 3.51 466.0 10.82 
20 299.0 2.65 499.0 14.73 
Sample B  
Air 
1 285.5 4.95 409.5 9.19 
5 310.5 3.54 449.0 2.83 
10 297.5 0.71 467.0 14.14 
20 308.3 6.51 515.0 13.11 
Sample C  
Air 
1 287.5 0.71 407.5 0.71 
5 315.0 0.00 462.0 8.49 
10 328.0 0.00 481.5 3.54 
20 341.0 2.83 503.0 8.49 
It has been shown that timber has a similar composition to bamboo [2] and that when degraded, 
the products resulting from these polymers tend to be found in three main groups: gases or 
vapours, oils and liquid tars, and solid carbonaceous char products [13]. From that observation, 
it is possible to say that the major peaks found in Figure 3.6 come mainly from the degradation 
of cellulose and lignin. From this table, it can be observed that the second peak, which is also 
the highest one (250-340 °C), shows similar values to the degradation found in literature for 
cellulose [2, 14] which is located from 240 °C to 350 °C. In agreement, the second mayor peak 
is found in a wider range (370- 515 °C) which again is in agreement with the degradation range 
of lignin measured at around 280 °C to 500 °C [15, 16].  
The ratio of remaining residue for all samples is presented in Table 3.4. For the case of nitrogen, 
sample A shows a good agreement among the different heating rates although a slightly higher 
mass loss was found for the faster heating rates. For samples B and C, only the 1C/min heating 
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rate case shows an unsatisfactory agreement. The remaining residue was 5% for sample B 
whereas no leftover residue was obtained for sample C.  
All the results obtained for the tests on air show good agreement, as there is little to no leftover 
residue in all three samples. 
Table 3.4. Remaining residue. 
Sample 
Remaining inorganic residue  
1 °C/min 5 °C/min 10 °C/min 20 °C/min 
Average SD Average SD Average SD Average SD 
 A in N2 15% 0.02 19% 0.00 17% 0.00 24% 0.00 
 A in Air 0% 0.01 1% 0.00 0% 0.01 2% 0.00 
 B in N2 5% 0.06 19% 0.01 20% 0.00 20% 0.20 
 B in Air 0% 0.01 1% 0.00 1% 0.00 1% 0.00 
 C in N2 0% 0.01 12% 0.04 15% 0.01 16% 0.01 
 C in Air 0% 0.00 1% 0.01 0% 0.00 0% 0.00 
3.3 Thermal transport properties 
3.3.1 Thermal conductivity, specific heat, thermal diffusivity and thermal inertia 
To understand the heat transfer problem of bamboo, various thermal physical properties need 
to be determined. They can be classified as transport and thermodynamic properties, which 
include the following: 
 Density (ρ) 
 Specific heat (Cp) 
 Thermal conductivity (k)  
 Thermal diffusivity () 
 Thermal inertia (kρCp) 
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The density is defined as the volumetric mass, and the specific heat capacity is the amount of 
energy that a body needs to raise its temperature by 1 °C, per kilogram. Thermal conductivity 
is a property that drives a material’s ability to conduct heat, and it determines the rate at which 
energy is transported by the diffusion process. The thermal conductivity will depend and change 
depending on the physical structure of matter, atomic and molecular characteristics [17].  
Thermal diffusivity (α) is another important property to identify, it is calculated from the ratio 
between the thermal conductivity and density and specific heat, and it measures the ability of a 
material to conduct thermal energy relative to its ability for storing. The larger the thermal 
diffusivity is, the faster will the temperature increase at a certain depth in a material [17]. It is 
defined as: 
𝛼 =
𝑘
𝜌 𝐶𝑝
 (3.2) 
Finally, the thermal inertia is determined by the multiplication of the thermal conductivity, the 
density and the specific heat capacity. This property gives the predisposition of a material to 
resist changes in its temperature. Two ways can be used to obtain this value: the first one 
experimentally obtains the values of the material’s thermal conductivity, k (W/mK), density ρ 
(kg/m3) and specific heat capacity, Cp (J/kgK), and multiplies them together (kρCp). 
Alternatively, the thermal inertia can also be calculated by obtaining the slope of a plot that 
linearly correlates time of ignition and incident heat flux. This second alternative will be 
presented in Chapter 4. This section will focus on obtaining experimentally the values of kρCp.  
As described in Chapter 1, laminated bamboo is a composite product that, during its 
manufacturing process, goes through several stages that can include bleaching or caramelising 
and hot pressing for the different types of adhesive used [18]. Moreover, several bamboo 
sources may be used to form a single laminated product, deriving in a certain degree of 
heterogeneity between the finished product and the physical characteristics of the layers.  
According to Fernandez-Pello et al. [19], differences in thermal conductivity affect the way that 
heat is transferred in the solid. A sample comprised of materials with variable conductivity 
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should be analysed carefully, as characterising the mechanical behaviour in fire conditions is 
of great importance. The specific heat is another important thermal property that characterises 
the material. Once this value is known, parameters for performance base design are achievable.  
3.3.2 Materials and methods 
Experimental studies using the Hot Disk Thermal Constants Analyser, which uses the transient 
plane source (TPS) method, were undertaken to measure thermal conductivity, and the specific 
heat. The TPS 1500 shown in Figure 3.7 was used to measure the thermal properties of 
laminated bamboo both at ambient and at elevated temperatures.  
 
Figure 3.7 TPS 1500. 
This process is based on the use of a transiently heated plane sensor that, placed between the 
surfaces of two sample pieces, conducts electrical impulses. The sensor is fitted between two 
halves of the sample and through the application of a constant current pulse, the temperature of 
the sensor is increased and the resistance temperature recorded as a function of time [20].  
The sensors are made of a double spiral with an electrically conducting pattern imprinted of 
thin sheets of nickel, supported by laminating it between two thin layers of electrically 
insulating material. This insulating material can be Kapton for ambient temperatures or Mica 
for elevated temperatures (Figure 3.8).  
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Figure 3.8. Hot Disk Sensors: Kapton insulation (left) and Mica insulation (right) [21]. 
By recording the increase in the temperature over a period of time, precise information on the 
thermal transport properties can be obtained [22]. The Hot Disk software then translates the 
expression that relates the temperature increase in the surface of the sensor to the output power, 
and the thermal conductivity can be obtained directly.  
Alternatively, this can be explained by the fact that when using the Hot Disk technique a 
constant electric current is applied to the sensor during the time of the test. As a result, the 
average increase of the temperature across the sensor area can be measured by monitoring the 
total resistance of the sensor. In other words, the time-dependent resistance variation R(t) is 
recorded over a sensor that has a known resistance Ro and a known temperature coefficient of 
resistivity (αr). Following Equation (3.3), the time-dependent temperature increase ΔT of the 
system can be determined. 
𝑅(𝑡) = 𝑅𝑜[1 + 𝛼𝑟∆?̅?(𝜏)] (3.3) 
Where R is the total electrical resistance at time t, Ro is initial resistance at t=0, αr is the 
temperature coefficient of resistivity (for Nickel), ∆?̅?(t) is a time dependant temperature 
increase the mean value of the TPS. The relationship between t and τ, is given by Equation 
(3.4), where, τ, is the total time of the transient recording known as the characteristic time.  
𝜏 =
√𝛼𝑡
𝑟
 (3.4) 
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Where τ is the characteristic time ratio, r is the radius of the sensor, α is the thermal diffusivity 
of the material tested, and t is the measuring time from the start of the transient heating. 
With both equations, the average temperature increase ∆?̅? near the surface sensor is obtained 
as a function of τ. However, the thermal diffusivity is a value that depends on the thermal 
conductivity, density and specific heat. Because of this, an initial approach value of the thermal 
diffusivity is needed as a starting point and if the correct values of the characteristic times are 
chosen, the hot disk can use an optimisation function to relate both and calculate the thermal 
conductivity and specific heat of the sample [22]. The specific heat is calculated based on an 
input value obtained from the literature.  
Based on the previous explanation, it is important to consider that the theoretical calculations 
of the Hot Disk technique relate the thermal diffusivity, the measuring time and the radius of 
the sensor [21]. It builds on the principle that the sensor is located in an infinite material, and 
that the electrical current will never reach the borders of the two samples [22]. To validate these 
assumptions, parameters like the probing depth, the measuring time, and the heating power, 
need to be correctly determined in order to get the correct values of the thermal conductivity. 
The probing depth is an estimation of where the thermal wave will be located during the test, 
and it is calculated following Equation (3.5). This means that the thickness from any point of 
the sensor to any point on the surface sample must exceed the probing depth dp if the total 
measuring time is t.  
𝑑𝑝 = 2√𝛼𝑡 (3.5) 
From this equation, the maximum measuring time can also be determined as a function of the 
real thickness of the sample, d. To decide on the correct sensor size and the maximum time, the 
manufacturer recommends that the characteristic time needs to be in the range between 0.33-1.  
Very thin samples were not used in this experiment mainly because they would not be 
representative of the use that laminated bamboo is given in the engineering and construction 
industries. At this point, based on the explanation provided in Section 2.6, d is established 
within a range between 20 mm and 45 mm, which is used to determine dp and t. In addition, 
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the TPS 1500 does not support testing on very thin samples because the diameter of the hot disk 
sensor available in the laboratory at the time of testing would have been too large to deliver 
valid results. 
3.3.3 Test set up 
The thermal conductivity of laminated bamboo was measured by means of laboratory testing. 
As stated before, three different kinds of samples were used in this study, as seen in Table 3.5. 
Table 3.5. Properties of tested laminated bamboo products (extracted from Table 2.5). 
Sample Type of adhesive present in sample 
Density  
[kg/m3] 
Moisture 
Content [%] 
A Urea formaldehyde 575 ± 15 7.17 ± 0.06 
B Phenol resorcinol formaldehyde 693 ± 16 6.08 ± 0.40 
C Phenol formaldehyde 734 ± 20 8.12 ± 0.02 
Due to the disposition of the lamellae in the samples, the following nomenclature was defined 
in Chapter 2 to differentiate the orientation at which thermal conductivity was measured.  
 
Figure 3.9. Nomenclature of the surface measured. 
As shown in Figure 3.9, side PP1 and PP2 refer to the surface that is exposed perpendicularly 
to the fibre with bamboo strips positioned flatwise or edgewise, while side PLL is the 
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nomenclature assigned to the surface that has been exposed in a parallel way. The difference 
between PP1 and PP2 is that on PP1, the long side of the strip (around 10 mm) is placed 
horizontally while in PP2 the long side of the strip is placed vertically. The isotropic module 
was used to complete the tests.  
These tests were performed under two conditions: ambient and higher temperatures. For 
ambient conditions, the set up used was the one seen in Figure 3.10, where the sensor was 
sandwiched and pressed together between two halves of a sample, which was inserted 
previously inside a metallic frame in order to eliminate any air gaps between them.  
   
Figure 3.10. TPS at ambient temperatures. 
Ambient tests were conducted at 20-25°C. For this case, the sample halves dimensions were 90 
x 90 x 45 mm. The parameters used as input for the tests are detailed in Table 3.6. For sample 
A, tests were conducted for sides PP1 and PLL only, while for sample B and C, tests were 
conducted for all three sides (PP1, PP2, and PLL).  
Kapton sensor 
Sample 
Depth, d 
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Table 3.6. Input parameters for ambient test in TPS. 
Input Parameter Values 
Sensor type #4922 Kapton 
Sensor radius – r 14.61 mm 
Sample depth – d  45 mm 
Probing depth – dp 20-25 mm 
Measuring time – t 3966 s 
Test time 1280 s 
Characteristic time ratio – τ  0.95 
Heating Power 160-200mW 
The set up used for the test conducted at elevated temperatures can be seen in Figure 3.11. 
 
 
Figure 3.11. TPS Set up for elevated temperatures. 
This set up of the Hot Disk uses a tubular furnace, where the sensor is connected to high-
temperature cables and the sample is pressed against the sensor by the use of a pressing wedge 
to guarantee a good contact point. In this case, tests were conducted at 50-400°C, with sample 
Wedge used to press the sample 
Thermocouple and Mica sensor  
Ceramic spacers: 
to guarantee contact 
 
Furnace 
Sample  
Tubular sample holder 
Thermocouples and sensor connections 
to TPS 1500 
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halves dimensions of 50 x 50 x 20 mm. Table 3.7 details the input parameters. Experimentation 
was carried out at sides PP1 and PLL for all three-sample types.  
The sample holder of the test for elevated temperatures restricts the sample size to a maximum 
total depth of 40 mm and 50 mm lateral dimension. The measurements are set up in a 
temperature schedule with each measuring point having to be validated against the 
specifications of the programme. The input parameters used for these tests can be seen in Table 
3.7.  
Table 3.7. Input parameters for TPS higher temperatures. 
Input Parameter Values 
Sensor type #C5465 Mica or C5082 
Sensor radius – r 3.189 mm or 6.403 mm 
Sample depth – d 20 mm 
Probing depth – dp 2.6-12.9 mm 
Measuring time – t 514 s 
Test time 20 s or 160 s 
Characteristic time ratio – τ 0.31 or 0.62 
Heating Power 50-100 mW 
3.3.4 Results and discussion  
Table 3.8 shows the results obtained for the thermal conductivity and specific heat following 
the procedure explained in the previous section at ambient conditions. The results of the thermal 
inertia, thermal diffusivity were obtained following Equation (3.2). 
 Thermal conductivity tested in face PP1 of sample A is lower than for samples B and C, which 
can be attributed to the lower density associated with a higher porous media found for samples 
type A. In general, the side where the heat is transferred parallel to the grain (PLL) shows higher 
values than either of the perpendicular (PP1 or PP2). In addition, Sample B depicts the highest 
values for PLL while PP1 is higher for sample C.  
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Table 3.8. Thermal properties of “Moso” laminated bamboo at ambient temperature. 
Samples 
20-25°C 
Thermal 
Conductivity 
Specific Heat Thermal Inertia Thermal Diffusivity 
[W/mK] J/kgK [kW2s/m4K2] mm2/s 
S.A_PP1 0.21 ± 0.01 2,511 ± 204 0.30 ± 0.02 1.4E-07 ± 1.6E-08 
S.B_PP1 0.23 ± 0.01 2,226 ± 659 0.34 ± 0.08 1.6E-07 ± 5.5E-08 
S.B_PP2 0.25 ± 0.01 2,526 ± 489 0.45 ± 0.09 1.5E-07 ± 2.6E-08 
S.B_PLL 0.29 ± 0.01 4,269 ± 401 0.85 ± 0.05 9.8E-08 ± 1.2E-08 
S.C_PP1 0.25 ± 0.01 2,393 ±301 0.44 ± 0.07 1.4E-07 ± 1.6E-08 
S.C_PP2 0.25 ± 0.01 1,713 ± 260 0.31 ± 0.05 2.0E-07 ± 3.5E-08 
S.C_PLL 0.26 ± 0.01 2,815 ±148 0.55 ± 0.04 1.3E-07 ± 5.7E-09 
The values obtained for the specific heat were obtained as a volumetric specific heat, so the 
results presented in Table 3.8 are the values divided by the density. The lowest value of specific 
heat was obtained for sample C side PP2 with a value of 1,713 J/kgK and the highest value was 
obtained for sample B parallel to the grain, with a value of 4,269 J/kgK. The rest of the values, 
show specific heats in the range of 2,226- 2,815 J/kgK.  
To obtain the thermal inertia, the values of the experimental thermal conductivity specific heat 
and density were multiplied. The highest value of the thermal inertia was found to be 8.47 x 
105 W2s/m4K2 for sample B followed by 5.44 x 105 W2s/m4K2 of sample C, both for parallel to 
the grain (PLL) configuration. The variability of the thermal inertia is in relation with the 
differences in the specific heat values obtained. Thermal diffusivity values show similar values 
ranging from 1.3 x 107 – 2 x107 mm2/s, except for the thermal diffusivity of sample B parallel 
to the grain that shows a value of 9.8 x 108.  
At higher temperatures, thermal conductivity tests for surfaces PP1 and PPL were conducted 
following the set up shown in Figure 3.11. In all cases, thermal conductivity tested inside the 
furnace with a Mica sensor (sensor for elevated temperatures) gave higher values than those 
measured at ambient, with a Kapton sensor. This is shown in Figure 3.12 where the filled-
markers data series represent tests completed with a Mica sensor, whereas empty-markers data 
series represent the tests carried out with a Kapton sensor at ambient temperatures. Thermal 
conductivity for both ambient and elevated temperatures show higher values for samples B and 
C compared to sample A. 
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Figure 3.12. Thermal conductivity at ambient and elevated temperatures (a) Sample A, (b) 
Sample B, (c) Sample C. Filled data series represent tests completed with a Mica sensor, 
empty data series represent the tests completed with a Kapton sensor at ambient temperatures. 
Dotted line shows different regimes, before and after material decomposition. 
From Figure 3.12 two regimes are represented. For the tests conducted perpendicular to the 
grain (PP1), the thermal conductivity shows a steady and almost constant behaviour up to 
around 225 °C, after this threshold a linear decrease of the thermal conductivity is depicted. For 
tests conducted parallel to the grain, similar behaviour is portrayed and the threshold of the two 
regimes is found again around 225 °C. A slightly increase of the thermal conductivity is found 
around 100 °C, for sample A and B, however the values drop again and follow the similar trend 
as for PP1. For both cases, this behaviour can be explained by the fact that, at these 
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temperatures, the degradation reactions trigger mass loss and charring processes, which create 
gaps of air within the sample that results in a porous media and therefore lower values of thermal 
conductivity. Tests performed parallel to the grain (PLL) in Samples A and B show higher 
values when compared to the ones perpendicular to the grain (PP1), and show overall higher 
values than the results obtained for sample C. This behaviour correlates well with the results 
previously presented of the TGA (Figure 3.6), where the mass loss extracted from the DTG 
starts increasing after 200 °C reaching its highest peak of degradation at around 300 °C.  
Perpendicular to the grain test (PP1) results from 30 to 225°C were averaged to obtain a bulk 
value for this range of temperatures. Accordingly, thermal conductivity for samples A, B and 
C was 0.26 ±0.01 W/mK, 0.34 ±0.01 W/mK and 0.36 ±0.01 W/mK respectively. Measurements 
of thermal conductivity parallel to the grain yielded the highest value of 0.38 W/mK for sample 
A at 84°C, 0.47 W/mK for sample B at 120°C, and 0.43 W/mK for sample C at 220°C.  
Other authors have performed similar experimentation for laminated bamboo that allows for 
comparison of results. Shah et al. [23] tested samples of engineered bamboo at ambient 
temperatures and obtained a thermal conductivity of 0.2 ± 0.07 W/mK for laminated bamboo 
(Moso), which is very similar to the results presented here. Shah et al. [24] also tested bamboo 
culms microstructure perpendicular and parallel using thermal microscopy resulting in 0.25 
W/mK perpendicular to the microfibrils and 1 W/mk along the cellulose microfibrils. Even 
though the tests are different, the results are quite similar for perpendicular to the grain, and in 
agreement to the fact that tests parallel to the fibre are higher than those perpendicular to the 
fibre.  
Laminated bamboo produces a higher value of thermal conductivity when compared to 
engineered timber, which averages 0.14 W/mK [25]. To the best knowledge of the author based 
on an extensive literature review, there was no information available to compare for laminated 
bamboo at elevated temperatures. For specific heat values Bartlett et al. reports a value of 2,260 
+ 330 J/kgK [25], Shah et al. a value of 1,800 +380 J/kgK [26], and Huang et al. a range from 
1,414-3,076 J/kgK measured for temperatures between 25-80°C [27, 28].  
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3.4 Radiative properties  
The importance of understanding the optical properties of materials determines the accuracy of 
the heat transfer models that are used for performance-based designs. These properties enable 
us to predict correct pyrolysis models for fire scenarios, as the correlation between the radiation 
intensity with ignition times, and temperatures depend these properties as the exposed surface 
absorptivity must be known [29].  
3.4.1 Emissivity and absorptivity of bamboo  
The transfer of heat by conduction or convection happens through a solid or liquid. However, 
radiation does not require any medium to transfer heat, as propagation is related to its 
wavelength and frequency. The most efficient way of transferring radiation is through a vacuum 
with speed of light in the form of electromagnetic waves. These electromagnetic waves cover 
a range of “thermal” region of the spectrum with wavelengths from 0.1 -100 µm.  
When radiation is originated from a thermal energy source, the emissive power (E) is the energy 
released per unit area in W/m2 to a surface according to the Stefan –Boltzmann Equation (3.6) 
𝐸 = 𝜀𝜎𝑇4 (3.6) 
From this equation, 𝜎 is the Stefan- Boltzmann constant and 𝜀 is the emissivity that measures 
the efficiency of the energy emitted per unit area by a real body compared to the energy emitted 
per unit area by a blackbody at the same temperature. It ranges between 0 and 1 [2, 17]. The 
relationship of the radiant energy between the emitter source and the surface that is receiving 
the irradiation is described by  
?̇?𝑟𝑎𝑑,𝑖→𝑗
" = ∅𝑖𝑗𝜀𝜎(𝑇𝑖
4 − 𝑇𝑗
4) (3.7) 
Where ∅𝑖𝑗 is the configuration factor that takes account for the geometrical relationship 
between the emitter (i) and the surface (j).  
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There are three main responses of radiation that are incident on a receiving material’s surface 
depending on the spectrum: 
 Reflectivity (𝜌𝜆) from the surface (ability of a material to reflect radiation) 
 Transmissivity (𝜏𝜆) through the surface (ability of a material to transmit radiation) 
 Absorptivity (𝛼𝜆) by the surface (ability of a material to absorb radiation)  
As per Kirchhoff’s law, for a semi-transparent medium the sum of these is equal to one as seen 
in Equation (3.8), and the values are averaged over the entire spectrum Equation (3.8) simplifies 
to Equation (3.9) [17]. 
𝜌𝜆 + 𝜏𝜆 + 𝛼𝜆 = 1 (3.8) 
𝜌 + 𝜏 + 𝛼 = 1 (3.9) 
If a solid is not transparent, but opaque, no transmission occurs and the absorptivity can be 
calculated by Equation (3.10). 
𝛼 = 1 − 𝜌 (3.10) 
If a material is a grey surface and the irradiation and surface are diffuse, the total emissivity can 
be equal to the total absorptivity, thus both these values can be obtained by measuring the 
reflectivity of a material as per Equation (3.11) [17]. 
𝜀𝜆 = 𝛼𝜆 = 1−𝜌𝜆 (3.11) 
However, this is valid under certain circumstances. For example, when the irradiation of the 
surface corresponds to emissions from a black body at the same surface temperature [17]. 
Nonetheless, the spectral intensities of each type of emitter may be different and thus to assume 
a material behaves as a grey or blackbody is not always true [30, 31] . A proper verification of 
these assumptions needs to be completed before using Equation (3.11).  
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As mentioned in Chapter 2, the majority of the experimental tests conducted for this research 
are based on the radiative heating source of the cone calorimeter; hence, the correct value of 
the exposed surface absorptivity needs to be known, as this variable may have a significant 
effect on the thermal behaviour.  
During a fire, around 30% of the heat is released in the form of radiation. Because of this, it is 
important to understand how much energy different materials absorb when exposed to radiation. 
As a material is capable to absorb more energy, the surface will heat up and ignite faster 
compared to a material that absorbed less energy. As will be explained in Chapter 4, this 
property is directly related to ignition times and temperatures.  
3.4.2 Experimental approach 
The integrating sphere used is a piece of equipment that test materials to determine radiative 
properties such as the reflectivity, absorptivity and transmissivity in wavelength from 2- 20 µm. 
This equipment was coupled with the FTIR (Figure 3.13), which allowed a beam to pass mid-
infrared wavelength radiation through the integrated sphere. With a sample attached to it, the 
radiation reflected by and transmitted through the specimen, and the reflectivity associated to 
each wavelength can be quantified. Three sample of laminated bamboo were tested for each 
side, side PP1, PP2 and PLL. Once the reflectivity as a function of wavelength was measured, 
Equation (3.10) was followed to obtained the absorptivity.  
   
Figure 3.13. Integrating sphere attached to a Perkin Elmer FTIR. 
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3.4.3 Results and discussion 
Figure 3.14 a, b, and c show the results obtained for the absorptivity of Sample A, B and C for 
sides PP1, PP2 and PLL. Figure 3.14d was tested for the same bamboo, when the char layer 
had formed. These results were obtained at ambient temperatures and are given with respect to 
the wavelength, from 2-20 µm.  
 
 
Figure 3.14 Absorptivity of Laminated Bamboo Sample (a) A, (b) B, (c) C, and (d) Char 
The results for all three samples show good agreement among them, and for all cases, sides PP1 
and PP2 show lower values of absorptivity than the results obtained for side PLL. For all cases, 
the absorptivity from 2-6 µm show values that increase and decrease randomly. There is a 
steady period during 6 - 15µm where the value range was found to be 0.94 ± 0.01 for both 
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perpendicular and parallel to the grain. At 16 µm the values of absorptivity jump for all cases 
and start to decrease around 0.77 and 0.85 perpendicular and parallel to the grain respectively, 
for a wavelength around 20 µm.  
It is important to determine the spectral distribution of the heat emitted by the radiation source. 
Most of the tests in this research were conducted in the Cone Calorimeter Apparatus [32], which 
is made of a helicoidal coil that produces emissions similar to an electric heater. Boulet et al. 
[30], concluded from their experiments that the Cone Calorimeter behaved very similar to a 
black body, and provided experimental examples of how the irradiation flux and spectrum from 
the cone could be accurately calculated if the coil temperature was known [30, 33].  
The heat flux used throughout this research project is within a range of 10 to 80 kW/m2. These 
values correspond to a temperature at the reference thermocouple of the cone measuring values 
between 694 ± 0.62 K and 1,166 ± 0.96 K. Figure 3.15 presents the spectra intensity of a black 
body for heat fluxes of 10 and 80 kW/m2. These curves represent the spectral intensity of the 
Cone Calorimeter for the range of temperatures that were used to characterise laminated 
bamboo. The box area shows the relevant wavelength chosen and therefore the wavelength 
range where the absorptivity is relevant for the purposes of this research. More details about 
the Cone Calorimeter Apparatus and testing procedures are given in Chapter 4. 
 
Figure 3.15 Spectra intensity emitted at 10 kW/m2 and 80 kW/m2. The box represents the 
relevant wavelength ranging from 2-9 µm [34]. 
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The wavelengths where the Cone Calorimeter radiation is relevant for this project are between 
2-9 µm. Therefore, the values presented in Table 3.9 result from an average within the 2-9 µm 
wavelength range. For all three sample types, the values show good repeatability and low 
variation between samples, regardless of their orientation. 
It is important to highlight that these results were obtained for samples A, B C at ambient 
temperatures using unaltered (i.e. not burned) laminated bamboo material. Therefore, this 
constitutes a limitation for the use of the data presented herein, as the absorptivity at elevated 
temperatures could not be obtained. In the same way, char absorptivity was measured at ambient 
temperature using a sample that was previously exposed to high temperatures and allowed to 
cool down.  
Table 3.9 Absorptivity obtained for sample A, B and C for each side averaged for wavelength 
from 2-9µm 
Sample  
PP1 
α 
PP2 
α 
PLL 
α 
A 0.90 ± 0.08 0.89 ± 0.09 0.91 ± 0.07 
B 0.89 ± 0.08 0.90 ± 0.08 0.92 ± 0.05 
C 0.90 ± 0.07 0.90 ± 0.09 0.92 ± 0.06 
Char 0.83 ± 0.11 - - 
Due to the changes in the optical properties when the material suffers thermal decomposition, 
a lower value of 0.83 was obtained for the char absorptivity. As stated before, the temperature 
effects on the absorptivity are not being accounted for in these results.  
3.5 Effect of sample type and orientation  
The thermal properties of laminated bamboo were obtained for samples A, B and C, 
perpendicular to the grain with bamboo strips positioned flatwise (PP1). Sample C tests were 
also tested with the specimen placed in the parallel orientation (PLL) and perpendicular to the 
grain orientation (PP2), as depicted in Table 2.6. The main difference between the three samples 
was the type of adhesive, as sample A was manufactured using urea formaldehyde, sample B 
with phenol resorcinol formaldehyde and sample C with phenol formaldehyde. 
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At ambient temperatures, sample A showed lower thermal conductivity than samples B and C. 
This can be attributed to sample A’s lower density, which generates more air gaps inside the 
specimen. No major difference was observed from specimens tested perpendicular to the grain 
in the PP1 or PP2 orientation. However, samples depicted higher values when tested parallel to 
the grain due to the fibre orientation, which is in agreement with Shah et al. [24]. Their 
experiments in bamboo show higher thermal conductivity on the fibre axis than on the 
transverse direction. 
At elevated temperatures, again sample A exhibits lower values for thermal conductivity 
compared with sample B and C. Similar to ambient conditions, this can be due to the fact that 
the density is lower in this specimen type. In addition, fall-off of the lamellae was observed in 
sample A. The separation of the lamellas also contributes to the low values of the thermal 
conductivity, as air is introduced in the specimen, and the sample no longer acts as a solid block, 
but as separate pieces. For all three sample types, the specimens tested parallel to the grain at 
elevated temperature showed higher thermal conductivity than the values obtained parallel to 
the grain (PP1).   
The values for absorptivity tested for the virgin material were averaged considering 
wavelengths from 2-9 µm, as presented in Section 3.3.4. Absorptivity values ranged from 0.89 
- 0.92, with no major difference observed between sample types. The highest values were 
obtained for the tests parallel to the grain. These experiments were tested at ambient conditions 
and therefore it is important to highlight that the temperature effect on the absorptivity is not 
being accounted for.   
3.6 Conclusions 
When identifying the pyrolysis and oxidation reaction of laminated bamboo products using 
thermo-gravimetric testing under air and nitrogen environments, degradation of bamboo 
exhibited good agreement between the three samples. However, the values of Samples A tested 
in air experienced higher levels of mass reduction between 250-350 ºC exhibiting an extra 
shoulder in the thermo-gravimetric curve not seen for samples B and C. This could be due to a 
possible impregnation of the adhesive in the bamboo cells, as all three samples are from the 
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same species and the only difference between them is the adhesive. However, it was not 
possible to isolate and test the adhesive or bamboo separately; therefore, conclusions on the 
effect of the glue cannot be drawn.  
As for the TGA results, pyrolysis temperatures found in nitrogen range between 290 °C and 
370 °C. No major difference was found between the three different samples types or the 
manufacturing process. On the other hand, the oxidation temperatures found in air range from 
250 °C to 340 °C, while the third peak is located between 370 °C and 515 °C, approximately. 
Sample A showed lower values compared to sample B and C with not more than 12% difference 
among the results.  
Even though all precautions were taken during sample collection to not collect any bonding 
adhesive, it is important to highlight that during the fabrication process some adhesive residue 
might be mixed within the bamboo strips. Since an unusual shoulder was observed between 
250°C and 300°C in the DTG curve of Sample A, which coincides with the pyrolysis 
temperatures of a urea formaldehyde adhesive in a nitrogen atmosphere [35-37], it is likely that 
this abnormal behaviour is a result of the decomposition of the glue.  
Thermal conductivity and thermal inertia test results also showed good repeatability and low 
variation between samples. The values obtained for the thermal conductivity at ambient 
temperatures are lower than the values obtained at elevated temperatures. However, the change 
of sensor could have introduced uncertainty and therefore the results are not conclusive. For 
ambient temperature, sample A depicted a value of 0.21 W/mK for perpendicular to the grain 
orientation (PP1). Sample B and C showed higher values of 0.23 and 0.25 W/mk, respectively, 
which is consistent with their higher density. On the other hand, samples parallel to the grain, 
particularly sample B, showed higher values than samples tested perpendicular to the grain with 
an increase of around 16%.  
From tests conducted perpendicular to the grain at elevated temperatures, the thermal 
conductivity maintained a very steady behaviour up to around 225 ºC, with averaged values of 
0.26, 0.34, 0.36 W/mK for sample A, B and C, respectively. After this threshold temperature, 
the values of the thermal conductivity drop as bamboo starts to decompose and air gaps start to 
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be introduced in the charred bamboo layer. Similar to the tests conducted at ambient conditions, 
sample A shows lower values of thermal conductivity probably because of its low density when 
compared to samples B and C. 
For experiments parallel to the grain at higher temperatures, results show higher values 
compared to those obtained perpendicular to the grain. Thermal conductivity was found to be 
0.38, 0.47 and 0.43 W/mK for samples A, B and C, respectively, showing an increase of around 
38% more than the results of sample B when tested perpendicular to the grain.  
Other authors have performed similar experimentation that allows for comparison of results. 
Shah et al. [23] tested samples of engineered bamboo at ambient temperatures and obtained a 
thermal conductivity of 0.2 ± 0.07 W/mK for laminated bamboo (Moso), which is very similar 
to the results presented herein. Laminated bamboo produces a higher value of thermal 
conductivity when compared to engineered timber, which averages 0.14 W/mK [25]. To the 
best knowledge of the author, there is no information available to compare for laminated 
bamboo at elevated temperatures.  
The higher values of thermal conductivity for bamboo when compared to timber may play an 
important role for the heat transfer inside the element. For example, if a timber and bamboo 
element have similar density and specific heat capacity, the thermal penetration in bamboo can 
be faster than the one experienced in timber. This factor is important to address when analysing 
the structural behaviour at elevated temperatures.  
To obtain the absorptivity, samples were tested using the Integrating sphere attached to a Perkin 
Elmer FTIR. The wavelength that was selected as applicable for this project was between 2-9 
µm. The results of absorptivity showed very good repeatability between all sample types. 
General values for samples tested perpendicular to the grain were located at around 0.89 and 
0.90. The samples tested parallel to the grain yielded higher values, of approximately 0.92. As 
expected, char produced lower absorptivity results, of around 0.83. When using the data for 
design, the relevant wavelength needs to be selected, as the values may change depending on 
the heating source. 
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Chapter 4. Flammability characterisation of laminated bamboo 
4.1 Introduction 
This chapter presents the results of the flammability analysis made for laminated bamboo 
samples produced from the species Phyllostachys pubescens “Moso”. Parameters generally 
used to describe the flammability of solid materials, such as critical heat flux, time to ignition 
and surface temperature at ignition; as well as burning rates and critical mass loss rate for 
ignition are studied herein. Several methods used for calculation are presented, and a reference 
to previous tests on similar bamboo species is provided. Last, the ignition parameters of 
laminated bamboo are contrasted against the available information on bamboo and commonly 
used timber products. 
4.2 Fundamentals of flammability 
Ignition is triggered at the combination of the four main aspects of combustion: 1) fuel, 2) 
oxygen, 3) energy, 4) chemical kinetics [1]. Ignition of a solid takes place in the form of a 
sequential chain reaction leading to flaming combustion. Initially, a solid is assumed to be at 
ambient temperature, T, until it starts to receive an external source of energy or external heat 
flux, ?̇?𝑒
′′. Physical and chemical reactions are initiated as the surface temperature starts to 
increase. At a given time (pyrolysis time, tp) the solid surface temperature will increase and 
reach a value where the solid will start to produce volatile gases, also known as pyrolysis 
temperature, TP. Once the pyrolysis reactions have started, the volatile gases or pyrolysates will 
increase and mix with the oxygen from the air in the surroundings and create a flammable 
mixture that takes place at a specific mixing time, tm. During a period of time, (induction time, 
ti), the temperature of the flammable mixture increases until it reaches a threshold where a 
reaction becomes self-sustained and ignition occurs. This threshold is usually characterised by 
a specific temperature and will depend on the surface geometry, fuel properties and flow, 
among others [2-4]. Therefore, time of ignition is defined as the sum of each component, as 
presented in Equation (4.1). 
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𝑡𝑖𝑔 = 𝑡𝑝 + 𝑡𝑚 + 𝑡𝑖   (4.1) 
The mixing and induction times, tm and ti, are influenced by many parameters such as the flow 
velocity, heat transfer of the fuel surface, and absorption of the energy to the gas phase, among 
others kinetic factors associated with the combustion reaction. However, if a pilot spark or hot 
spot is applied at the surface of the material, this strongly simplifies the gas phase process and 
reduces the influence of environmental variables [3]. In the presence of the pilot source, ignition 
can be assumed to start at the moment where the lower flammability limit is reached and the 
flammable mixture is present at the pilot location. Therefore, it can be said that the mixing time 
and induction time are small when compared to tP [2]. From this simplification, Equation (4.2) 
shows that ignition will start at the onset of pyrolysis, which is a conservative approach. By 
knowing the surface temperature of ignition (Tig) and the period of time between exposure of a 
heat flux to the sample and ignition of the specimen (ignition delay time tig), then the entire 
ignition process can be characterised [3].  
𝑡𝑚 ≈ 𝑡𝑖 ≈ 0 
𝑡𝑃 ≈ 𝑡𝑖𝑔 ;  𝑇𝑃 ≈ 𝑇𝑖𝑔  
(4.2) 
Establishing the ignition temperature and the ignition delay time requires evaluating the energy 
balance at the surface of the solid when an incident heat flux is applied to the sample, under 
radiative heating by Equation (4.3).  
?̇?𝑛𝑒𝑡
′′ = 𝛼 ?̇?0,𝑖𝑔
′′ − 𝜀𝜎(𝑇𝑖𝑔
4 − 𝑇∞
4 ) − ℎ𝑐(𝑇𝑖𝑔 − 𝑇∞) (4.3) 
Where ?̇?𝑛𝑒𝑡
′′  is net heat flux that the sample is received into the surface [W/m2], ?̇?0,𝑖𝑔
′′  is the 
critical heat flux for ignition [W/m2] and Tig is the temperature of ignition of the surface in the 
sample [K]. The absorbtivity and emissivity of the solid are α, and ε [-], the convective heat 
transfer coeficient is hc in W/m
2 K and σ is the Stefan-Boltzmann constant 5.67E-08 W/m2K4.  
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Many researchers [5-8] have studied an approximation that linearises the surface radiation term 
by means of a total heat transfer coefficient, ℎ𝑇, that accounts for both radiative and convective 
heat transfer as seen in Equation (4.4) [9, 10].  
?̇?𝑛𝑒𝑡
′′ = 𝛼 ?̇?0,𝑖𝑔
′′ − ℎ𝑇(𝑇𝑖𝑔 − 𝑇∞) (4.4) 
The reference coordinates establish the surface of the solid as a boundary condition x = 0 and 
the back or end of the sample as x = L. The process and simplifications occurring at the surface 
x = 0 have already been described; however, the conditions at the back of the solid or x = L 
need to be considered, and the heat losses need to be determined.  
When energy is applied to the surface of a solid, the thermal heat wave travels through the solid 
media, heating the whole section. The region that has been heated by the thermal wave is 
referred to as the characteristic length (εT), which is usually reported as a function of time [3]. 
In the case where the characteristic length is less than the sample length, the correct definition 
of these parameters enables to simplify the energy equation and to obtain simple analytical 
solutions. A sample acts as a semi-infinite solid if its total depth is greater than the characteristic 
length (L > εT). This means that the thickness of the material is considered infinite, as the back 
never sees the thermal wave. Since in reality materials will not necessarily show an L→∞, a 
characteristic time, tc, during which the material will behave as a semi-infinite solid needs to 
be accounted for.  
If, in addition, a well-defined insulating boundary condition is included at the back of the 
surface, the heat losses can be neglected and the analysis can be simplified, as the solid can be 
assumed to have an infinite length, and be regarded as a semi-infinite solid [11]. Equations 
(4.5), (4.6), (4.7) show the differential equation of the energy balance obtained and limited by 
the boundary conditions.  
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𝑘
𝜕2𝑇
𝜕𝑥2
= 𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡
 (4.5) 
𝑓𝑜𝑟 𝑥 = 0;    ?̇?𝑛𝑒𝑡
′′ = −𝑘
𝜕𝑇
𝜕𝑥
+ ℎ𝑇(𝑇𝑠 − 𝑇∞) (4.6) 
𝑓𝑜𝑟 𝑥 = 𝐿 → ∞; ?̇?𝑛𝑒𝑡
′′ = −𝑘
𝜕𝑇
𝜕𝑥
= 0 (4.7) 
Where k is the thermal conductivity of the solid [W/mK], ρ is the density of the solid [kg/m3], 
Cp is the specific heat of the solid [J/kgK], 𝑇𝑠 the temperature of the solid [K], and 𝜕𝑇/𝜕𝑥 is 
the thermal gradient at the surface. 
When the temperature of the solid reaches ignition, the Laplace transformation of the previous 
equations allows finding Tig. Equation (4.8) provides an expression that solves for the surface 
temperature at all the levels of the external heat flux. ?̅? is defined as a characteristic 
temperature, tc is a characteristic time defined as a function of the thermal inertia kρCP and heat 
transfer, and erfc is the complement to the Gaussian error function. 
𝑇𝑖𝑔 = 𝑇∞ + ?̅? [1 − 𝑒
(
𝑡𝑖𝑔
𝑡𝑐
)
 𝑒𝑟𝑓𝑐 ((
𝑡𝑖𝑔
𝑡𝑐
)
1
2
)] ;  ?̅? =
𝛼?̇?𝑒
′′
ℎ𝑇
 (4.8) 
At this point, it is important to make a further simplification addressing the behaviour of the 
material before it reaches ignition. This assumption is based on the premise that solids are not 
susceptible to spontaneous ignition and will show little evidence of decomposition and onset 
of chemical reactions at ambient temperatures. In this scenario, the reaction rates during the 
pyrolysis process can be considered negligible, and consequently, the specimen will not 
experience any change. Prior to reaching its pyrolysis temperature, the material is assumed inert 
[3, 5], and its thermal properties can be assumed as equal to those of the original fuel.  
On the other hand, the relevant thermal properties for ignition, namely density, thermal 
conductivity and specific heat are all functions of temperature. Since temperature is a depth-
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dependent parameter, these properties will change within the length of the material once it is 
exposed to heat.  
The characteristic time is the time in which the thermal wave moves along the in-depth of the 
thickness of the material and is given by Equation (4.9).  
𝑡𝑐 =
𝑘𝜌𝐶𝑃
ℎ𝑇
2  (4.9) 
An approximation for solving Equation (4.8) can be obtained applying a first-order Taylor 
series expansion. However, this provides limited solutions, yielding not many valid heat fluxes 
scenarios. The expression does have a solution for two specific domains. First, tig/tc → 0, where 
the characteristic time is much larger than ignition times. Such scenario corresponds to high 
external heat fluxes that are proportional to the inverse of the ignition time as seen in Equation 
(4.10). 
1
√𝑡𝑖𝑔
=
2
√𝜋
𝛼
√𝑘𝜌𝐶𝑝
1
[𝑇𝑖𝑔 − 𝑇∞]
?̇?𝑒
′′ (4.10) 
The second domain corresponds to the case where tig/tc → , where the characteristic time is 
much smaller than ignition times. This solution depends on the global heat transfer coefficient 
and is applied for lower heat fluxes as shown in Equation (4.11).  
1
√𝑡𝑖𝑔
=
√𝜋 √𝑘𝜌𝐶𝑃
ℎ𝑇
[1 −
ℎ𝑇(𝑇𝑖𝑔 − 𝑇∞)
𝛼?̇?𝑒′′
] (4.11) 
With the use of both equations, the proper ignition delay time and ignition temperatures can be 
modelled for the whole range of imposed external heat fluxes.  
If the delay ignition time is considered infinite (tig→), Equation (4.11) allows determining a 
critical heat for ignition. The critical heat flux for ignition represents the minimum external 
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heat flux by which Tig will be achieved at thermal equilibrium. From Equation (4.12), the 
critical heat flux for ignition, ?̇?0,𝑖𝑔
′′ , can be easily determined experimentally, which facilitates 
calculation of the temperature for ignition, a more difficult parameter to obtain by means of 
laboratory testing.  
?̇?0,𝑖𝑔
′′ =
ℎ𝑇(𝑇𝑖𝑔 − 𝑇∞)
𝛼
 →  𝑇𝑖𝑔 = 𝑇∞ +
?̇?0,𝑖𝑔
′′ 𝛼
ℎ𝑇
 (4.12) 
The thermal response parameter (TRP) is the resistance of a material to generate flammable 
vapours. High values of TRP means that the solid requires more time to heat up and ignite [12]. 
𝑇𝑅𝑃 = (𝑇𝑖𝑔 − 𝑇∞)√𝑘𝜌𝐶𝑝 (4.13) 
A final important parameter to characterise ignition is the thermal inertia. Thermal inertia refers 
to the ability of a material to resist the change in its own temperature. To determine the thermal 
inertia, a linear regression analysis for a given set of heat fluxes and ignition times is completed 
following Equation (4.10). This analysis yields a value referred to as the ‘effective’ thermal 
inertia (kρCP), which is a quantitative property that can be used to compare different materials 
within the scope of assumptions and simplifications explained previously. 
4.3 Materials and methods  
Ignition characterisation tests of laminated bamboo were conducted using the cone calorimeter 
at The University of Queensland (Figure 4.1). 
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Figure 4.1 Cone Calorimeter for testing laminated bamboo samples. 
This apparatus is comprised of a combustion chamber where materials are exposed to an 
electric radiant heater. Samples with a surface area of 100 x 100 mm are inserted in an steel 
sample holder on top of a scale. The scale and sample are placed under an electrical radiant 
cone heater that is mounted 25 mm on top the sample surface. Initially, the sample remains cool 
as two metallic shutters protect the sample from the radiant heater before the start of the test.  
Ignition parameters are studied by placing a 10 kV controlled spark 13 mm above the centre of 
the sample’s surface. Once the cone shutters open, the test starts and the energy emitted by the 
radiant cone is received by the sample, causing it to decompose and produce pyrolysis gases. 
At a certain time during the test, when the right concentration of flammables in the air is 
reached, these flammable gases will ignite. 
During the tests, the time to ignition is observed and recorded. After ignition starts, the spark 
is removed from the sample, allowing the sample to burn. The mass of the sample is recorded 
thorough the complete time of the tests, until it reaches flameout and/or burnout, with a load 
Combustion chamber 
Drierite columns 
Columns 
Logging and 
recording panel 
Exhaust duct system 
Cone heater 
Sample / scale 
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cell that measures changes throughout the test. These measurements are obtained by a strain 
gauge load cell with a sensitivity of 0.01 g.  
Products from the combustion process, including oxygen, carbon monoxide and carbon dioxide 
are gathered and measured inside a 114 mm diameter exhaust duct system with a nominal flow 
rate of 24l/s before being sucked by a 400 mm x 400 mm extraction hood. 
To calculate the heat release rate of the test, the combustion gases are collected and directed 
into a gas-sampling ring. Prior to this, gases are filtered before reaching the gas analysers to 
remove all particles and as much water as possible [13]. The gas-sampling ring uses moisture 
removal traps, such as Balstron filter, Hepa Vent, a cold trap, and two sampling drying columns 
that use Drierite as the drying agent, to filter the combustion gases before reaching the gas 
analyser. The Servomex Gas Analyser, SERVOPRO 4100, takes the oxygen, carbon dioxide 
and carbon monoxide and processes the gases. 
All data (mass, gas concentration, time, etc.) is recorded with the use of an Agilent 34972A 
data logger. The data is computed with the use of a software called ConeCal 6, and two CSV 
files are obtained at the end of each test. One file with the raw data measured in the tests (mass, 
% of O2, CO, CO2, time, etc.) and another file with exported data with the calculated values of 
Heat Release Rates based on the calorimetry measurements. 
A detailed calibration of the scale, exhaust flow and gases were performed at the beginning of 
every test day, and periodical recalibrations were performed after certain amount of tests or 
when the data was considered to be incorrect. The oxygen, CO and CO2 calibrations were 
performed in the manual mode, to guarantee correct concentrations and readings.  
To validate that the gas analysis reading was correct at the end of each test, the sample was 
removed before stopping logging, and the concentration of oxygen was observed to return to 
the original calibrated value of 20.95%. If the readings were different, the data for heat release 
rate was deemed invalid, and the test was repeated.  
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The samples were subjected to different heat fluxes starting from 10 kW/m2 and up to 80 
kW/m2. Each heat flux value was calibrated prior to the tests by measuring the radiant cone 
heat flux with a water heat flux gauge of the Schmidt-Boelter type. As seen in Figure 4.2, this 
heat flux gauge was placed inside the combustion chamber 25 mm away from the radiant panel 
and the correct heat flux was obtained.  
 
Figure 4.2 Calibration of the radiant cone with the use of heat flux gauge placed 25 mm 
from the heater to set the correct heat flux. The scale is protected with a ceramic covering 
before the sample is placed. 
4.4 Experimental approach and sample tested 
Three different samples types of laminated bamboo Phyllostachys pubescens (Moso), were 
tested as shown in Figure 4.3. 
Cone heater 
Scale 
Heat flux meter 
25 mm 
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Figure 4.3 Samples types of laminated bamboo Phyllostachys pubescens (Moso). Sample A 
uses urea formaldehyde adhesive, sample B Phenol resorcinol formaldehyde and sample C 
Phenol formaldehyde adhesive. 
Sample A was obtained from a provider of benchtops and interior finishing in Australia. This 
sample type was bonded together using urea-formaldehyde and has a density of 575 ±15 kg/m3. 
Sample B was provided by a different Australian source that applied Phenol Resorcinol 
Formaldehyde as a bonding adhesive and caramelised the samples to achieve a brownish 
colour. Sample C was delivered by a provider from The Netherlands and uses phenol-
formaldehyde as a bonding material. These samples were also caramelised as part of the 
manufacturing process. Table 4.1 describes each of the samples. 
Table 4.1. Sample testing description of density, moisture content, surface area and height 
(adapted from Table 2.5). 
Sample 
Type of adhesive 
present in sample 
Density  
[kg/m3] 
Moisture 
Content 
[%] 
Surface area 
[m2] 
Height  
[m] 
A 
Urea 
formaldehyde 
575 ± 15 7.17 ± 0.06 8.1x10-3 ± 5.4x10-4 0.04 ± 0.00 
B 
Phenol resorcinol 
formaldehyde 
693 ± 16 6.08 ± 0.40 9.0x10-3 ± 1.5 x10-3 0.09 ± 0.00 
C 
Phenol 
formaldehyde 
734 ± 20 8.12 ± 0.02 1.0x10-2 ± 7.8 x10-5 0.10 ± 0.00 
The boundary condition for each test was set up in order to ensure that the characteristic delay 
times could be considered much shorter than the time required for the thermal wave to travel 
through the sample, hence fulfilling the assumption of the semi-infinite solid.  
Sample A Sample B Sample C 
 87 
 
 
 
Figure 4.4. Sample testing configuration and insulation conditions. 
Testing was performed with the sample in a horizontal position. A standard sample holder was 
used and the sample was covered at the back and sides with insulation material and aluminium 
foil, as seen in Figure 4.4, to guarantee that only the top surface would receive radiation from 
the conical heater. In addition, sample A was wrapped in the sides with a 2.5 mm thick ceramic 
layer and one layer of aluminium foil, while a 50 mm thick ceramic fibreboard was located at 
the back as insulation. The tests were stopped after 30 minutes if no ignition was achieved, 
according to BS ISO 5560-1:2015 [14]. Samples A and B were tested with the PP1 surface 
exposed, and sample C was tested with the exposed surfaces PP1, PP2 and PLL.  
 
Figure 4.5 Sample A debonding behaviour of the lamellae. 
For sample A, some lamellae deboning due to the radiant heat flux and pilot spark was observed 
even prior to ignition at 12-14 kW/m2, as depicted in Figure 4.5. Debonding occurs when the 
adhesive stops working as an adhering component and separation of the layers can happen [15]. 
Sample B Sample A Sample C 
Lamellae debonding 
Debonding behaviour 
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Given this behaviour, in order to guarantee that the height of the sample did not change and a 
stable heat flux could be assured before the ignition of the sample, a frame retainer and grid 
was included during testing of these samples (Figure 4.6). 
 
Figure 4.6 Frame retainer and grid to control lamellae debonding used for sample A. 
In the following sections, results for ignition, burning and heat release rates and heat of 
combustion are presented. Those thermal properties, which are vital in describing the fire 
performance of laminated bamboo samples from a holistic, performance-based perspective, are 
dependent on the heat transfer process taking place in the solid media. When combustion is 
underway, layered materials can be subject to the phenomenon of delamination, which may 
occur under the right combination of sample position and lamellae orientation.  
The results presented in the following sections were obtained by testing the samples with the 
bamboo strips placed in a horizontal position. By doing so, simple heat transfer equations can 
be used to describe the processes taking place during the test. Noticeably, studying the 
consequences of delamination should not be avoided. On the contrary, such process is of utmost 
importance when understanding the fire behaviour of laminated bamboo.  
Notwithstanding the above, the objective of this chapter is to measure and study the 
fundamental thermal properties of laminated bamboo, not to characterise delamination or assess 
its implications over fire performance. That objective is completed with detail in the upcoming 
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chapters. More specifically, Chapter 5 presents a qualitative assessment of the effects of fall-
off by comparing measurements of horizontal flame spread, where delamination is avoided, 
with those of vertical flame spread, in which the sample exhibits delamination.  
Ideally, delamination would be described using a heat transfer model that predicts vertical 
flame spread. However, verification of the results of such a model requires devising a method 
that allows for mechanical testing under heating conditions. Since such testing setup is not part 
of the scope of this research, delamination is studied by means of visual observations using 
digital video recording supported by an image-processing software.  
It is important to highlight that the thermal behaviour of the adhesive used in the laminated 
bamboo samples directly affects their ability to resist delamination. Although not considered 
in this chapter, the analysis conducted in subsequent chapters does address the effect of the 
variations in the adhesive upon fire performance.  
4.5 Ignition behaviour 
The first stage of testing consisted of bench-scale experiments using the Cone Calorimeter. As 
presented in section 4.3, this apparatus allows measuring critical heat flux for ignition, 
temperature and time for ignition, which along with the thermal inertia, characterises the 
ignition behaviour of solids.  
To obtain agreement between ignition theory presented in section 4.2 and experimental results, 
the assumptions and simplifications presented below were required [3].  
1. The solid is considered inert until ignition,  
2. Ignition will occur at the onset of pyrolysis 
3. Pyrolysis will be accomplished when the surface reaches the ignition temperature.  
4. The sample is a semi-infinite solid, 
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Section 4.2 addressed simplifications 1-3 in detail. However, validation of assumption 4 
requires measuring the thermal evolution inside the solid for each tested sample type. The effect 
of back losses on ignition was disregarded by ensuring that the time to ignition was shorter than 
the time for the thermal wave to reach the back. The characteristic time, in which the material 
behaved as a semi-infinite solid, was determined by tracking the thermal wave using type K 
thermocouples for low, medium and high magnitudes of heat flux. Samples that have the 
minimum and maximum thickness (0.04 and 0.1 m), namely A and C respectively, were tested 
using the relevant orientation as presented in Table 4.2. Chapter 6 presents a detailed 
explanation of the testing methodology followed to obtain these results. Analysis of the data 
was done taken into consideration these characteristic times for each sample type. 
Table 4.2. Characteristic times for Sample A and Sample C. 
Sample A Sample C 
Heat Flux Side Time [s] Heat Flux Side Time [s] 
10kW/m2 PP1 1,400 15kW/m2 
PP1 8,500 
PLL 4,500 
25kW/m2 PP1 900 40kW/m2 
PP1 5,000 
PLL 3,250 
45kW/m2 PP1 550 80kW/m2 
PP1 3,600 
PLL 2,750 
Each experiment was accompanied by detailed observations on the response of the laminated 
bamboo samples until a sustained flame was observed, when the time of ignition was 
determined. All other sporadic flashes were recorded as events, but not as ignition. The 
information of time to ignition was plotted against each heat flux applied. The critical heat flux 
for ignition, defined as the lowest heat flux in which ignition takes place, was obtained by 
extrapolating the plot to find the asymptotic value of the external heat flux as ignition time 
tends to infinite [5]. 
Opposite from Chapter 3, where the thermal inertia was calculated in an experimental way by 
obtaining the thermal conductivity, density and specific heat separately, this chapter follows a 
methodology that defines an effective thermal inertia. As explained in Section 4.2, it is obtained 
by correlating the inverse of the square root of the time to ignition (tig) with the external heat 
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flux using a graph. Next, a linear regression analysis is performed for the available set of heat 
fluxes and ignition times following Equation (4.10). In the resulting linear function, which must 
intercept both x and y-axis at the origin, the value of the slope is related to the thermal inertia.  
It is important to highlight that the thermal inertia calculated experimentally in Chapter 3 and 
the thermal inertia determined using the simplified ignition model do not represent the same 
parameter. The former is the product of directly measured thermal and physical properties (k, 
ρ, Cp), whereas the latter is a model property and therefore represents an “effective” thermal 
inertia that enables a comparison of the material flammability against other materials.  
4.5.1 Results and discussion 
The maximum value of heat flux for which no ignition is recorded within 30 min after the start 
of the test constitutes the critical heat flux for ignition [14, 16]. When tested at the perpendicular 
to the grain orientation, namely sides PP1 and PP2, critical heat flux for ignition was calculated 
at 15 kW/m2 for sample A, B and C; and 14 kW/m2 for sample C when tested in parallel to the 
grain (Side PLL).  
After the value of critical heat flux for ignition was established, the temperature for ignition 
was calculated using Equation (4.12). Total heat transfer coefficient was defined as 37.28 
W/m2K following the regression proposed by Hidalgo [17], which is based on a convective 
coefficient for horizontal hot plates and an emissivity of 0.8-1.0. The results for the temperature 
of ignition Tig, thermal effective thermal inertia and TRP can be seen in Table 4.3.  
Table 4.3. Ignition parameters for laminated bamboo samples. 
Sample 
?̇?0,𝑖𝑔
′′  
[kW/m2] 
T∞  
[°C] 
Tig  
[°C] 
kρCp  
[kW2s/m4K2] 
TRP 
[kWs1/2/m3] 
A_PP1 15 ± 0 28 388 ± 0.5 0.80 322 
B_PP1 15 ± 0 23 377 ± 0.9 0.71 297 
C_PP1 15 ± 0 23 386 ± 1.0 0.61 282 
C_PP2 15 ± 0 25 383 ± 0.3 0.69 297 
C_PLL 14 ± 0 25 368 ± 0.0 0.79 305 
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Figure 4.7 shows the data obtained for the test of laminated bamboo samples that allows 
calculating the effective thermal inertia as presented above. As explained in section 4.2, the 
values for the thermal inertia were determined by plotting all the data for ?̇?𝑒
′′ vs 1/√(𝑡𝑖𝑔 ).  
 
 
Figure 4.7 Ignition times and external heat flux for ignition for laminated bamboo samples 
Following Equation (4.10), a linear regression was obtained and the slope was used to calculate 
the thermal inertia. With the averaged values of the ignition temperatures and the value of the 
thermal inertia, the thermal response parameter was calculated after Equation (4.11). Each point 
represents the average of two to three repeats at the same test condition. Two repetitions were 
deemed sufficient if the values show good repeatability. 
Comparing the results obtained for samples A, B and C tested perpendicular (PP1) to the grain 
with different adhesives, the main difference observed was that sample A experienced 
debonding of the lamellae at the early stages of testing, even before ignition. Hence, to 
guarantee that the distance from the heater to the surface of the sample was constant for all 
samples prior to ignition, a frame retainer and grid was added to sample A. Once the debonding 
was restrained, the critical heat flux for ignition was found to be 15 kW/m2 for all three sample 
types when orientated perpendicular to the grain. Comparing results obtained for sample C 
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tested in different orientations, samples tested parallel to the grain (PLL) showed slightly lower 
critical heat flux for ignition compared to those tested perpendicular to the grain (PP1 and PP2). 
This may be a product of the higher values of the thermal conductivity found for laminated 
bamboo parallel to the grain [18, 19], and in agreement with Janssens [20]. However, the 
differences are of only 1 kW/m2 and may be within the experimental error. Ignition 
temperatures are in the range of 369 – 388 °C. The lower value (368 °C) comes from sample C 
tested parallel, which is expected as the model uses the critical heat flux for ignition, which is 
lower for the parallel orientation. No considerable variation was observed for the results of 
effective thermal inertia or thermal response parameter due to the difference in adhesive or 
orientation. These results are rather expected because of the type of model used, its associated 
sensitivity and the temperature-dependent nature of the participating parameters. 
As mentioned in Chapter 2, there is little information available on the flammability parameters 
of laminated bamboo, however, care must be taken when using them as a benchmark, since the 
results are strongly dependent on the type of experiment or the model used [5, 21]. Table 4.4. 
presents the calculated values of critical heat flux, temperature of ignition and effective thermal 
inertia, which was calculated following the methodology proposed by Torero [3] as described 
in Section 4.2. Results obtained by other authors using the same experimental procedure for 
laminated bamboo are presented for comparison purposes.  
Table 4.4. Comparison with laminated bamboo from literature 
 
 
Sample 
?̇?0,𝑖𝑔
′′  
[kW/m2] 
Tig 
[ºC] 
kρCp 
[kW2s/m4K2] 
Ref 
Moso_A side_PP1 15 388 0.80 - 
Moso_B side_PP1 15 377 0.71 - 
Moso_C side_PP1 15 386 0.61 - 
Moso_C side_PP2 15 383 0.69 - 
Moso_C side_PLL 14 368 0.79 - 
Guadua 14 - - [22] 
Moso 6 297 - [23] 
Moso 14-15 450-485 0.32-0.37 [24, 25]  
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Mena et al. [22] used the Lateral Ignition Flame Spread test (LIFT) apparatus to test vertical 
oriented Guadua species and applied similar theoretical correlations calculate their results. 
Noticeably, their data is in very good agreement with the results of the present study. However, 
observations reported by Xu et al. [23] do not agree with the results presented herein, which 
can, in fact, be attributed to the difference in the correlation theory used by them. The 
methodology used by Xu et al. [23] for flammability assessment is based on the thermal integral 
model proposed by Spearpoint [30]. This methodology uses numerical formulations that 
simplify the problem without the need of running the actual experiment for the critical heat 
flux, but instead exposing the sample to only three high heat fluxes.  
On the other hand, Roberts [24] conducted his tests by means of the Cone Calorimeter and 
performed his data analysis in a similar fashion with identical critical heat flux results, but a 
temperature ignition almost 100 ºC higher. This could be attributed to the fact that he reported 
a lower heat transfer coefficient value obtaining a higher ignition temperature, and therefore a 
lower thermal inertia. This evidences the sensitivity of the model, as these parameters are not 
directly measured and depend on the heat transfer coefficient.  
Although bamboo is a grass and not a wood member, their similar aesthetics and use in the 
built environment has caused both materials to be regarded as mutual substitutes. From that 
perspective, a comparison between these alternatives becomes relevant. Table 4.5 presents the 
values obtained in this research along with timber species results by several authors testing 
timber in different configuration and experimental setup.  
Relative to timber, the laminated bamboo studied herein yielded similar values of the critical 
heat flux for ignition and temperature for ignition. Results from species like Rimu and Radiate 
Pine, Victorian Ash, and Blackbutt [20, 21] require less energy and lower temperature for 
ignition than laminated bamboo. However, species like Redwood and Douglas fir [20, 21] 
present similar values for ?̇?0,𝑖𝑔
′′  and Tig, when compared to bamboo. When compared to timber, 
laminated bamboo studied herein yielded similar to higher values of the critical heat flux for 
ignition and temperature for ignition than those reported in Table 4.5, except for the 
experiments tested in with the LIFT apparatus. The Plywood plain and Douglas Fir results 
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obtained by Quinterie [9] show values of critical heat flux and temperature for ignition higher, 
then the results obtained in this research.  
Table 4.5 Comparison of bamboo results with timber species from literature. 
Sample ?̇?0,𝑖𝑔
′′  [kW/m2] Tig [ºC] kρCp [kW2s/m4K2] Ref 
Moso_A side_PP1 15 388 0.80 - 
Moso_B side_PP1 15 377 0.71 - 
Moso_C side_PP1 15 386 0.61 - 
Moso_C side_PP2 15 383 0.69 - 
Moso_C side_PLL 14 368 0.79 - 
Wood (vertical samples) 12 350 - [5] 
Mahogany (oven dry) 13.2 375 - 
[26] 
Red Oak (oven dry) - 365 - 
Plywood plain 1.27 cm [LIFT] 16 390 0.54 
[9] 
Douglas Fir Particle board 1.27 cm 16 382 0.94 
Douglas Fir (oven dry) 13.2 350 0.16 
[20] 
Redwood (oven dry) 14.2 364 0.13 
Radiata Pine (oven dry) 13.1 349 0.16 
Victorian Ash (oven dry) 10.6 311 0.26 
Blackbutt (oven dry) 10 300 0.39 
Macrocarpa 13 362 0.39 
[21] 
Beech 10.7 327 0.59 
Radiata Pine 8.1 281 0.81 
Rimu 7.8 275 1.29 
For the TRP, Xu et al. [27] tested Douglas fir, Scots Pine, Southern Pine, Shorea, and Merabu 
and reported values of 182, 164, 201, 152 and 275 kWs1/2/m3, all values lower than what 
obtained in this study for laminated bamboo. Except fot the samples of Douglas Fir Particle 
board 1.27 am and Radiata Pine, the thermal inertia and TRP values reported for timber are 
lower than those reported in this paper, however, this is maybe due to the sensitivity of the 
model, as they are the thermal inertia is temperature-dependent parameters. 
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4.6 Burning rates 
The most common approach for characterising ignition is to establish a material property that 
defines a critical condition at the solid phase and determining a threshold at which ignition is 
deemed to occur. The criterion most widely adopted is the temperature for ignition in the 
surface of the material (Tig). However, those results are linked to several assumptions and 
simplifications including setting a constant heating heat flux, that under different environmental 
conditions may not be true, resulting in a non-straight forward correlation [28]. Although it is 
very usefully to obtain an ignition temperature, this is not an easy parameter to measure directly, 
but rather an empirical quantity that depends on the conditions during testing [29]. On the 
contrary, mass flux is a parameter that can be obtained through the direct measurement with 
the use of a scale during testing, hence establishing a critical mass flux for ignition is the most 
appropriate approach [30]. This section presents the results obtained for ignition of laminated 
bamboo by mean of the mass loss rate methodology. The same type of samples, orientation and 
equipment as presented earlier in this chapter were used during the experimental campaign. 
4.6.1 Mass loss rates at the fire-point for ignition 
The existence of a minimum mass loss rate to characterise the onset of ignition was first 
suggested by Bamford et al. [31] in 1946. However, Rasbash described a detailed concept that 
successfully allowed the use of a critical mass loss flux at the fire-point as the threshold value 
to describe the beginning of sustained flaming combustion [32, 33].  
The burning rate heat balance at the surface of a solid fuel is given by Equation (4.14) [34]. 
?̇?" =
?̇?𝑒
′′ + ?̇?𝐹𝑙𝑎𝑚𝑒
′′ − ?̇?𝐿𝑜𝑠𝑠
′′
𝐿𝑉
 (4.14) 
Where ?̇?"is mass loss rate of the production of volatiles [g/m2s], ?̇?𝑒
′′ is external heat flux 
[kW/m2], ?̇?𝐹𝑙𝑎𝑚𝑒
′′  is heat flux supplied by the flame [kW/m2], ?̇?𝐿𝑜𝑠𝑠
′′  are the heat losses through 
the surface [kW/m2] and 𝐿𝑉 is the heat required to produce volatiles [kJ/g]. 
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If ?̇?𝑒
′′ + ?̇?𝐹𝑙𝑎𝑚𝑒
′′  > ?̇?𝐿𝑜𝑠𝑠
′′ , then burning will continue until ?̇?" reaches the threshold of the critical 
mass loss rate, ?̇?𝑐𝑟
"  [g/m2s]. This threshold can cause the flame to extinguish because the heat 
losses are greater than the heat to sustain a critical flux of volatiles from flaming combustion 
[34]. When the external heat flux is removed, (?̇?𝑒
′′  = 0), the flames will continue to burn only 
under the conditions in Equation (4.15). 
?̇?𝑐𝑟 
" <  
?̇?𝐹𝑙𝑎𝑚𝑒
′′  − ?̇?𝐿𝑜𝑠𝑠
′′
𝐿𝑉
 (4.15) 
The heat required to continue the burning process is transferred by the flame to the surface 
through a combination of convective and radiative components of the heat of 
combustion, ∆𝐻𝑐[J/kg]. At the fire-point, a value of ∅ [-] is established, which is the maximum 
fraction of the heat of combustion of the volatiles that the flame can lose to the surface by 
convection without being extinguished. This represents a stability limit of the flame at the 
surface and is given by Equation (4.16) for steady burning [32, 34]. Extinction happens if S < 
0, while sustained burning will happen if S > 0.  
𝑆 = (∅ ∆𝐻𝑛𝑒𝑡 − 𝐿𝑉)?̇?𝑐𝑟
" + ?̇?𝑒
" − ?̇?𝐿𝑜𝑠𝑠
"  (4.16) 
Equation (4.16) becomes very useful in the case that all the required data is available. When 
this is not the case, Rasbash et al. [35] proposed a method that determines ?̇?𝑐𝑟
"  under a piloted 
condition. The set-up of his testing included a radiant heating panel, a load cell to monitor the 
weight and a pilot ignitor [35].  
4.6.2 Experimental approach 
Samples were tested in the Cone Calorimeter where they were exposed to variable heat fluxes 
as mass was measured at all times. The mass loss rate per unit area was then obtained by 
differentiation of the mass over the time step. The result was divided by the exposed surface 
area of the sample to obtain ?̇?" [g/m2s]. 
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Early recordings show small mass loss rate at the onset of pyrolysis. As temperature builds up 
and enough heat is provided to the sample in order to sustain the generation of volatiles, a 
critical mass flow is reached where the fuel volatiles concentration derives in the onset of 
flaming and the fire point is established. As a result, a plot of mass loss rate per unit area (g/m2s) 
vs time (s) was obtained which shows a preliminary gradual increase of the burning rate and a 
subsequent steep climb taking place as the sample ignites, in agreement with findings by 
Rasbash, et al. [35]. The critical mass loss rate for ignition (?̇?𝒄𝒓
" ) was obtained from the limiting 
slope of the mass loss curve in the precise moment that the flame is established in the surface 
of the sample. To illustrate this process, Figure 4.8 shows a sequence of experimental tests 
conducted for sample B while imposing an external heat flux of 40 kW/m2. Figure 4.8a depicts 
the test after the first 25 seconds, where degradation has started and some pyrolysis gases are 
starting to accumulate. Figure 4.8b represents the imminent second before ignition, where all 
the volatiles gases and the surface temperature have reached the required conditions for 
ignition. Figure 4.8c represents the fire point where a flame is established, whereas Figure 4.8d 
shows the steep increment when the critical mass loss rate would be determined. 
The critical mass loss rate for ignition is obtained directly from the mass loss rate versus time 
plot. However, one of the major factors of uncertainty lays in the imprecision of the load cell. 
The outcome data readings presented important fluctuations that provoked the calculation of 
?̇?𝑐𝑟
"  to be quite inconsistent. The direct results from the readings of the recorded time to ignition 
were discarded because the data signal included significant noise. Initial analyses deemed the 
data unreliable.  
To address this uncertainty, three different analyses were completed for every test to validate 
the agreement of the results and the methods. For notation purposes, these methods are called: 
a) Smooth slope-intercept, b) Average noise and c) Average smooth. The Smooth slope-
intercept method was carried out by means of a Locally Weighted Regression (LOESS), which 
according to Cleveland et al. is a procedure used for fitting a regression surface through 
smoothing in order to carry out data prediction [36, 37].  
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Figure 4.8 Experiment in the cone calorimeter vs to the mass loss rate in time graph MLR 
[g/m2s] and time [s] 
Figure 4.9 shows an example to illustrate the three methods. Figure 4.9a shows the Smooth 
Slope-Intercept method. Based on all data points of mass loss rate obtained for a specific heat 
flux tested, a fitted/smoothed curve was obtained (red solid line). Two additional straight lines 
were used to identify each trend (black dotted lines) with the mass loss rate at their intersection 
being established as the mass loss rate for ignition (black arrow line). 
Figure 4.9b shows that for the Average Noise method, ?̇?𝑐𝑟
"  was obtained by calculating the 
average of the data points around the initial change in slope of the original or “noise data”. In 
a very similar way, Figure 4.9c shows that the average Average Smooth method calculates the 
average of the data points around the changing tendency and slope increment of the fluctuating 
“smooth” data series. All three procedures involve higher degrees of subjectivity from the 
analyst, in terms of defining the intervals over which data is averaged. However the value of 
following three different procedures enables to see the objective trend of the data.  
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Figure 4.9 a) Smooth slope-intercept, b) Average noise, c) Average smooth example to 
find ?̇?𝑐𝑟
"  
4.6.3 Results and discussion  
Figure 4.10 presents a plot of the critical mass loss rate versus external heat flux. Each point 
represents the average of two to three repeats at the same test condition. Figure 4.10a, shows 
the data from S.A_PP1, Figure 4.10b shows data for sample B_PP1, and Figure 4.10c, d and e 
show results obtained for sample C, side PP1, PP2 and PLL. All three methods are quite 
consistent between each other, as values range from 2 to 5.1g/m2s. The averaging smooth data 
shows higher values compared to the other two methods. Smooth slope-intercept method 
presented smaller values.  
a) b) 
c) 
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Figure 4.10. ?̇?𝑐𝑟
"  (g/m2s) vs ?̇?𝑒
"  kW/m2 for sample A, B and C analysed for each method. 
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Sample A_PP1 in Figure 4.10a shows the lowest values of critical heat flux for ignition at heat 
flux between 15-20 kW/m2. A small increment over 3.5 g/m2s is shown from 30-50 kW/m2. 
The value of mass loss rate for 60kW/m2 drops slightly below 3.5 g/m2s and heat fluxes after 
60 kW/m2 increase in a range of values between 2.9-3.7 g/m2s. For all three methods, the 
highest value obtained was at 40 kW/m2 with critical heat flux of 3.9, 3.7, 3.9 g/m2s for each 
method, respectively.  
For the data analysed in Figure 4.10b, sample B_PP1 showed the smaller critical mass loss rate 
for all the heat flux tested. Almost all tests yield values below 3.5 g/m2s, except for a heat flux 
of 60 kW/m2, which presented a value of 3.7 g/m2s when analysed for the Smooth slope-
intercept method. Sample B_PP1 tested at 19 kW/m2 exhibited the lowest value of ?̇?𝑐𝑟
"  overall. 
Sample C depicted higher values of critical mass loss rate than Sample A and B. For the side 
tested PP1 almost all data was above 3.5 g/m2s except for 15, 18, 30 and 70 kW/m2, this for the 
first two methods. The lowest value of ?̇?𝑐𝑟
"  was found at 18 kW/m2 while the highest value was 
obtained for the Average smooth data tested at 50 kW/m2. For side PP2 the minimum ?̇?𝑐𝑟
"  
found was 2.8 g/m2s, tested at 30 kW/m2, and 4.8 g/m2s tested at 80kW/m2. Side PLL has again 
higher values of critical mass loss rate, with the lowest value being 2.7 kW/m2 tested at 16 
kW/m2 and the highest value of 4.8, 4.5 and 5.1 g/m2s tested at 80 kW/m2 for all three methods, 
respectively.  
 
The lowest values of critical heat flux for ignition were found predominantly for heat flux 
between 15-20kW/m2. The majority of the highest values of critical heat flux for ignition were 
obtained for the heat flux of 80 kW/m2, except for sample A and B that had the highest ?̇?𝑐𝑟
"  at 
40 and 60 kW/m2, respectively.  
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Table 4.6 shows a summary of the minimum and maximum values in the results of the critical 
mass loss rate for each sample type versus the external heat flux tested. Each point represents 
the average of two to three repeats at the same test condition.  
The lowest values of critical heat flux for ignition were found predominantly for heat flux 
between 15-20kW/m2. The majority of the highest values of critical heat flux for ignition were 
obtained for the heat flux of 80 kW/m2, except for sample A and B that had the highest ?̇?𝑐𝑟
"  at 
40 and 60 kW/m2, respectively.  
 
Table 4.6. Min and max values of critical mass loss rate (?̇?𝑐𝑟
"  in g/m2s and in ?̇?𝑒
"  in kW/m2). 
Sample/ 
Side 
Smooth slope-intercept Averaging Noise Averaging Smooth  
min max min max min max 
?̇?𝑐𝑟
"  ?̇?𝑒
"   ?̇?𝑐𝑟
"  ?̇?𝑒
"   ?̇?𝑐𝑟
"  ?̇?𝑒
"  ?̇?𝑐𝑟
"  ?̇?𝑒
"  ?̇?𝑐𝑟
"   ?̇?𝑒
"  ?̇?𝑐𝑟
"  ?̇?𝑒
"   
SA_PP1 2.0 17 3.9 40 2.0 17 3.7 75 2.2 16 3.9 40 
SB_PP1 2.0 19 3.7 60 2.0 20 3.1 80 2.3 15 3.5 60 
SC_PP1 2.9 18 4.0 80 3.1 18 4.1 80 3.8 30 4.7 50 
SC_PP2 2.9 40 4.0 80 2.8 30 4.5 60 3.3 16 4.8 80 
SC_PLL 3.0 16 4.8 80 2.7 16 4.5 80 3.8 20 5.1 80 
The lowest values of critical heat flux for ignition were found predominantly for heat flux 
between 15-20kW/m2. The majority of the highest values of critical heat flux for ignition were 
obtained for the heat flux of 80 kW/m2, except for sample A and B that had the highest ?̇?𝑐𝑟
"  at 
40 and 60 kW/m2, respectively.  
Since the best consistency was  achieved for the Averaging Noise method, these results were 
chosen as representative values for purposes. To facilitate using the results as input for design, 
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Table 4.7 shows the average of the critical mass loss rate values obtained for low (15-20 
kW/m2), middle (30-50 kW/m2) and high (60-80 kW/m2) heat fluxes as usedin this research.  
Comparing the results for samples A, B and C tested perpendicular to the grain (PP1), Sample 
C depicted higher values of ?̇?𝑐𝑟
"  than Sample A and B. This behaviour could be attributed to 
the fact that sample C has higher density when compared with the other two. Additionally, it 
was observed that sample C did not experience debonding, and therefore appeared to perform 
more like a solid (when compared to sample A that suffered debonding), as no obvious air gaps 
were observed between the lamellae which could affect heat transfer.  
 
Table 4.7 Average values for ?̇?𝑐𝑟
"  tested at low, middle and high heat fluxes.  
Average noise method  
Sample/ 
Side 
Lower Heat Fluxes  
(15-20 kW/m2) 
Middle Heat Fluxes  
(30-50 kW/m2) 
Higher Heat Fluxes  
(60-80 kW/m2) 
?̇?𝑐𝑟
"  [g/m2s] ?̇?𝑐𝑟
"  [g/m2s] ?̇?𝑐𝑟
"  [g/m2s] 
SA_PP1 2.4 ± 0.3 3.4 ± 0.3 3.2 ± 0.3 
SB_PP1 2.4 ± 0.3 2.7 ± 0.3 2.9 ± 0.2 
SC_PP1 3.6 ± 0.3 3.7± 0.4 3.8 ± 0.3 
SC_PP2 3.8 ± 0.4 3.2 ± 0.4 4.3 ± 0.3 
SC_PLL 3.4 ± 0.5 3.5 ± 0.7 4.0 ± 0.4 
Results obtained for sample C tested in configurations PP1, PP2 and PLL do not allow to reach 
conclusions of differences in behaviour when comparing parallel to perpendicular to the grain 
orientations for ?̇?𝑐𝑟
" . As seen in Table 4.7, all sample C results are among the error bars and do 
not follow a particular trend. 
From Table 4.7 it can be seen how the lowest values of ?̇?𝑐𝑟
"  were obtained at the smallest heat 
fluxes (15-20 kW/m2). On the contrary, the highest critical mass loss rate was obtained when 
the largest external radiant flux (60-80 kW/m2) was applied. This behaviour is in agreement 
with Delichatsios’s testing of plywood at high heat fluxes [38]. However, the average results 
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of ?̇?𝑐𝑟
"  at middle heat fluxes do not always fall between the lowest and highest values as 
described above. Hence, although a general upwards trend can be observed, a well-defined 
correlation can’t be determined for mid-range heat fluxes (30-50 kW/m2) 
The results of critical mass loss rate presented in this section were obtained for external heat 
fluxes that are representative of the level of exposure to wall linings during a typical 
compartment fire. The relevance of the data as presented in Figure 4.10 and summarised in 
Table 4.7 is that it can be used by other professionals as input for their design or reference for 
their research.  
Similar information, necessary for a performance-based fire-safe design methodology as 
proposed in this thesis, has not been published elsewhere. In the interest of providing context 
to the novel data presented, literature references for materials with a similar industry end-use 
are reviewed in the next section.  
4.6.3.1 Critical mass loss rates from the literature 
To the author’s best knowledge, there is no reference information in regards to the critical mass 
loss rate of bamboo at the fire-point. Therefore, to compare bamboo’s behaviour with other 
cellulosic species, Table 4.8 summarises data from previous studies addressing on commercial 
timber products. Results presented are referenced to the heat flux at which they were obtained. 
Table 4.8 Timber species values of critical mass loss rate for ignition from literature. 
Material 
?̇?𝑐𝑟
"  
[g/m2s] 
Heat Flux/ 
Temperature 
Ref 
Plywood 3.4 25-35 kW/m2 
[38] 
Plywood > 6 50 kW/m2 
Deal 2.5 326-666 °C [31] 
White pine 2.2 - [39] 
Mahogany 1.8 18.8 kW/m2 [30] 
Oak, Pine, etc. 5.1 525 °C [40] 
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Values form Table 4.8 will be compared to the averaged values presented in Table 4.7 as a 
benchmark to comprehend and assess the properties of laminated bamboo.  
Delichastsios [38] carried out experiments on plywood to determine the critical mass flux for 
ignition and its dependency on oxygen concentration variations. He obtained a mass loss rate 
of 3.4 g/m2s for heat fluxes of 25 and 35 kW/m2. These values are similar to what obtained for 
laminated bamboo fo low to medium heat fluxes. Delichastsios also tested for a heat flux of 50 
kW/m2 and variable oxygen concentration, the values ranged from 3.5 g/m2s to more than 6 
g/m2s. These values obtained are are higher than the ones averaged for laminated bamboo 
plywood at high heat fluxes. 
Mass loss rate at the fire-point for White pine, Mahogany and deal panels was measured by 
Mazhar [39], Atreya et al. [30], and Bamford et al. [31], respectively. All these studies reported 
lower results than those presented herein for laminated bamboo when tested at heat fluxes 
between 15-20 kW/m2. Koohyar et al. also tested a range of wood samples including Oak and 
Pine, although they report the critical mass loss for ignition in a range between 1-22 g/m2s, with 
a mean value of 5.1 [32, 40].  
Table 4.8 is in agreement with the tendency presented previously for the results of ?̇?𝑐𝑟
′′  for 
laminated bamboo. Thus suggests that the critical mass loss rate for timber varies with the 
external heat flux, as the critical mass loss rate tends to increase with higher testing temperature 
or heat flux.  
4.7 Heat release rates  
The major contributions of a hazard in a fire are determined by the amount of calorific energy, 
also known as heat release, and the products or toxic smoke generated in time due to the 
chemical reactions between the fuel and oxygen [12]. The rate of the heat release is a critical 
parameter when designing a performance-based fire safety strategy, as it determines the size of 
the fire and the amount of energy the structure will receive. Correct understanding of these 
values is critical to be able to create fire safe designs because Computational Fluid Dynamic 
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models use the heat release rate as an input parameter to determine the evolution of a fire in a 
compartment.  
4.7.1 Heat release rate based on oxygen consumption  
From all the methods that have been developed to calculate the heat release rate, the most 
popular are those based on mass balance. Once the heat of combustion is known and the burning 
rates are calculated, the heat release rate can be derived using Equation (4.17), which is not 
valid if the composition of the fuel is made up of various unknown components. 
?̇? = ∆ℎ𝑐 ?̇?𝑓𝑢𝑒𝑙 (4.17) 
Where, ?̇? is the heat release rate [kW], ∆hcis the heat of combustion [kJ/kgfuel], ?̇?𝑓𝑢𝑒𝑙 is the 
burning rate or mass loss rate of the fuel. 
After studying the relationship between the calorific behaviour of a fuel in a fire, several authors 
have proposed determining heat release rate by obtaining the evolution of species during 
combustion [41-44]. This principle was initially developed in 1917 when Thorton observed that 
the heat release rate was proportional to the oxygen consumed during the combustion of 
inorganic liquid and gas fuels [45]. His results suggested that by calculating the unit mass of 
oxygen consumed in combustion, it is possible to determine the amount of energy released by 
a measured mass. Since then, several experimental apparatus have been developed with the 
objective to capture all the products of the combustion process in an exhaust duct and measure 
the species consumption in order to calculate the heat release rate [46]. Parker [47], produced 
a series of formulations based on Equation (4.18), where oxygen concentration inside an 
exhaust duct was calculated by differentiation of the volume flow of air into the system and the 
volume flow of combustion gases into the exhaust duct.  
?̇? = (𝑋𝑜2
𝑜 ?̇?𝑜 − 𝑋𝑜2
𝑠 ?̇?𝑠)𝜌𝑜2𝐸 (4.18) 
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Where 𝑋𝑜2
𝑜 is the oxygen concentration of air [mol/mol], 𝑋𝑜2
𝑠 is the oxygen concentration in the 
duct [moloxygen/molair], ?̇?𝑜the volume flow of air into the system at ambient [m
3/s], ?̇?𝑠 is the 
volume flow of gas in the exhaust duct at ambient [m3/s], 𝜌𝑜2the density of oxygen at ambient 
[kg/m3], and 𝐸 is the heat produced per unit mass of oxygen consumed [kJ/g]. 
Based on findings by Hugget [44], if the heat of combustion of a burning fuel, ∆ℎ𝑐, and its 
stoichiometric oxygen to mass of oxygen, r, are known; the heat produced per unit mass of 
oxygen consumed, E, is given by ∆𝐻/𝑟. Otherwise, E is assumed as 13.1 kJ/g.  
According to Babrauskas [48], the heat release can be found from Equation (4.19) where the 
heat release rate is given by calculating the mass of oxygen.  
?̇? = (
∆ℎ𝑐
𝑟𝑜
) 𝑥(?̇?𝑂2,∞ − ?̇?𝑂2) (4.19) 
Where Δhc is the net heat of combustion [kJ/kg], ro is stoichiometric oxygen/fuel mass ratio, 
?̇?𝑂2,∞ is the mass of oxygen at ambient conditions calibrated before the test [g], and ?̇?𝑂2 is the 
mass of oxygen during the test [g]. This method is based on the fact that most fuels generate 
13.1x103 kJ of energy on every kilogram of oxygen that is consumed [44, 49, 50]. Therefore, 
Δhc/ro is equal to 13.1x103 kJ. Hence, the previous equation simplifies to Equation (4.20), where 
?̇?𝑂2,∞  and ?̇?𝑂2 are values measured in the cone calorimeter.  
4.7.2  Experimental approach 
Based on testing apparatus proposed by Babrauskas [46], the cone calorimeter was used to 
determine the heat release rates of laminated bamboo samples. As mentioned in section 4.3, the 
?̇? = 13.1𝑥103𝑥(?̇?𝑂2,∞ −  ?̇?𝑂2) (4.20) 
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system was calibrated to guarantee the correct gas analysis and flow measurement in each test. 
The heat release rate was obtained for heat fluxes from 15 kW/m2 to 80 kW/m2.  
Before the test started, a baseline of at least 60 seconds was recorded to establish the initial 
conditions of the tests before any combustion process. In the same way, after the test was 
deemed as finished, the sample was removed from the combustion chamber and testing data 
was recorded for at least 100 seconds to guarantee that the values of the gas analysis would go 
back again to the calibrated measurements. If the new measurements did not return to the 
previously calibrated ones, the data of the test was discarded, the equipment was recalibrated, 
and the experiment was repeated. 
The ConeCalc6 software was used to obtain the heat release rates, which follows calculations 
according to ISO 5660-215 [14]. Figure 4.11 shows the testing and the data reported on the 
screen of the ConeCalc6 during the experiment for a sample exposed to a heat flux of 80kW/m2. 
Ignition was observed at 13 seconds and the peak heat release rate per unit area was 350.58 
kW/m2. The reading measurements of the O2, CO2, CO are observed at the lower screen.  
 
Figure 4.11. Heat release rate per unit area measurement from test at 80kW/m2. 
No flame out was observed before one hour, and the sample was removed before stopping the 
recording of the data to guarantee that the species readings would be equal to the calibrated 
oxygen value of 20.95.  
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4.7.3 Results  
This section presents the results of the peak value and the average values of the heat release 
rate per unit area over a period of one hour for sample B_PP1 and sample C for sides PP1, PP2 
and PLL. The results of experiments tested at an external heat flux of 20, 40, 60 and 80 kW/m2 
are presented.  
Figure 4.12 shows the results of each test performed for sample B, where good uniformity and 
repeatability can be observed. Tests for 20 lasted less than one hour, and for tests between 20-
60 kW/m2 the HRRPUA drops to a value of zero. This is due to the fact that samples were 
removed before the collection of data finished, to be able to guarantee that the values would 
drop back down to zero. Tests however were left longer for experiments at 80 kW/m2, and even 
though the oxygen concentration was measured to drop back to 20.95%, this cannot be observed 
in Figure 4.12 as the ConCalc6 application cut the HRRPUA data before finishing the test.  
 
Figure 4.12. HRRPUA Sample B for tests at 20, 40, 60, and 80 kW/m2 
Figure 4.13 shows the results of two tests of Sample C performed on side PP1 at 40 kW/m2. 
Both plots show a very good agreement. Ignition starts at early stages around 40-50 seconds. 
Once ignition happens, the heat release rate increases steeply to a maximum value of 205 
kW/m2. It quickly drops down to a value of 100 kW/m2 after 160 seconds from the start of the 
test. This sudden drop happens because after ignition takes place, a char layer appears and acts 
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as an insulation barrier protecting the virgin material and reducing the heat release rate. Once 
the char is formed, bigger flames start to decrease until the sample reaches a steady burning. 
For this test, a steady-state can be observed at 50 kW/m2 around 1,000 seconds. The heat release 
rate drops finally to a value of 40 kW/m2 until the concentration of the volatiles start to reduce 
and the flame is extinguished at around 3,900 seconds. Finally, after flameout the heat release 
decreases to 25 kW/m2 and smouldering combustion keeps happening inside the sample. To 
guarantee that the gas analysis was accurate, the sample was removed from the combustion 
chamber at 4,500 seconds. At this time, the value of the heat release drops to zero, as the oxygen 
concentrations return to the calibrated value of 20.95%.  
 
Figure 4.13. HRRPUA for sample SC_PP1 at 40 kW/m2 
Figure 4.14 shows results obtained for tests that extended for over one hour, except for the 
20 kW/m2 case, which was stopped at approximately 30 minutes. The data in these graphs show 
the representative values for design and the ranges that can be expected in a real fire, including 
the value of the peak heat release rate, seen in the right-hand vertical axis. 
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Figure 4.14. Average and Peak HRRPUA for Sample B and C at 20, 40, 60 and 80kW/m2. 
Comparable values were found by Xu et al.[27], who obtained the peak heat release per unit 
area for laminated bamboo tested at 25, 50 and 70 kW/m2 in values of 183, 235, 311 kW/m2 
for tests perpendicular to the grain and 162, 239 and 304 kW/m2, respectively, for tests parallel 
to the grain. Chung [51] tested timber species Pitch Pine, Chestnut Tree, Oak, and Zelkova at 
50 kW/m2 and reported a value of peak HRR of 287.7, 370.5, 375.7, and 193.7 kW/m2 
respectively. 
Although the heat release rate per unit area is driven by the heat flux, no particular trend was 
found relative to the sample type or orientation. The adhesive did not influence the heat release 
rate; however, it is important to highlight that these samples were tested in the horizontal 
position. Therefore, no fall-off the lamellae was apparent. Had the tests been conducted in the 
vertical position and fall off would have occurred, an increase on the heat release rate would 
very likely be observed, as reported by Emberley et al. on CLT delamination and fall off [52]. 
4.8 Effective heat of combustion 
The effective heat of combustion was derived from Equation (4.17). With the tested values of 
the heat release rate and the mass loss rate, the effective heat of combustion was calculated fom 
Equation (4.21).   
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∆𝐻𝑐,𝑒𝑓𝑓 =
∫ 𝐻𝑅𝑅(𝑡)
𝑡
0
𝑑𝑡
𝑚𝑙𝑜𝑠𝑠
 
(4.21) 
Where ∆𝐻𝑐,𝑒𝑓𝑓 is the effective heat of combustion [kJ/g], t is the total length of the test duration 
[s], HRR(t) is the heat release rate calculated by oxygen consumption calorimetry [kW], and 
obtained in the previous section, and 𝑚𝑙𝑜𝑠𝑠 is the total mass lost during the test. The effective 
heat of combustion was obtained for samples tested at 20, 40 and 60 kW/m2.  
The results presented in Table 4.9 show the effective heat of combustion for laminated bamboo 
with higher values for sample B when tested at 20 kW/m2. However, for the rest of the heat 
fluxes tested the values obtained are similar between the sample type and orientation.  
Table 4.9. Effective heat of combustion for sample B and C. 
Heat flux tested 
 [kW/m2] 
Sample 
B_PP1 
Sample 
C_PP1 
Sample 
C_PP2 
Sample 
C_PLL 
20 10.7 ± 0.37 7.7 ± 0.99 7.5 ± 0.33 8.6 ± 0.43 
40 10.9 ± 0.11 10.7 ± 0.65 10.5 ± 0.10 9.9 ± 0.70 
60 11.3 ± 0.01 11.5 ± 0.55 11.7 ± 0.76 11.6 ± 0.90 
As explained previously, bamboo is often used as a substitute for timber. In the particular case 
of heat of combustion, the results are comparable to those of the timber species Douglas Fir, 
which has been measured at 12 MJ/kg [25]. Still, it is important to highlight that thermal 
properties may vary between different species (bamboo or timber) and care should be practiced 
when choosing a reference value. 
4.9 Effect of the sample type and orientation  
Ignition parameters were obtained for sample A, B and C, perpendicular to the grain with 
bamboo strips positioned flatwise (PP1 orientation). Sample C tests were also performed with 
the specimen parallel (PLL) and perpendicular to the grain with the bamboo strips positioned 
edgewise (PP2 orientation). As reported before, the main difference between the three samples 
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was the type of adhesive used as sample A was manufactured with urea-formaldehyde, sample 
B with phenol-resorcinol formaldehyde and sample C with phenol-formaldehyde.  
As mentioned previously in section 4.4, the main difference observed during the testing of the 
three sample types, was that sample A experiences debonding of the lamellae at the early stages 
of the testing, even before ignition. To create the same condition for all three samples and to 
account for the irradiation received by each sample, a frame retainer and grid was added to 
sample A, to guarantee that the distance from the heater to the sample was the same for all 
samples prior to ignition. Under these conditions, the critical heat flux for ignition was the 
same, 15 kW/m2, for all three sample types when orientated perpendicular to the grain (PP1 or 
PP2 orientations). When orientated parallel to the grain, critical heat flux for ignition was 14 
kW/m2. Other authors have found a distinct behaviour when heating laminated bamboo 
perpendicular versus parallel to the grain, as the heat transfer within the sample changes 
depending on the direction of the fibre [19]. This could be attributed to the higher values of the 
thermal conductivity in parallel to the grain orientation [20].  
For the ignition temperature, there is a small variation between the sample types and 
orientations, as it ranges between 368-388 °C. The lower temperature for ignition (368 °C) 
comes from sample C tested in PLL orientation. This is because the model uses the lower value 
of critical heat flux for ignition corresponding to this orientation. No considerable variation was 
observed for the results of the effective thermal inertia or the thermal response parameter.  
For the analysis of the critical mass loss for ignition, the data did not show any particular trend 
between the parallel and perpendicular to the grain orientation. On the other hand, sample A 
and B experienced lower values of critical mass loss rate than sample C. This behaviour can be 
attributed to the fact that sample C has higher density when compared with the other two. Also, 
it was observed during the tests that sample C, when exposed to different heat fluxes, did not 
debond. Then, the sample appeared to perform like a solid material meaning that no obvious 
air gaps were observed between the lamellae, which could affect the heat transfer significantly.  
The heat release rate per unit area is driven by the heat flux, however, no particular trend was 
found related to the sample type or orientation. The adhesive did not have any influence on the 
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heat release rate. Moreover, it is important to highlight that these samples were tested in 
horizontal position, therefore no fall off of the lamellae was apparent. If the tests were 
performed in a vertical position and fall off had occurred, an increase on the heat release rate 
could have been observed, as reported by Emberley et al. on CLT delamination and fall off 
[52]. 
4.10 Conclusions 
While ignition models are used according to existing theory, appropriate simplifications have 
been assumed and validated for these particular tests. Therefore, this methodology is 
conditioned by the experimental setting, environmental conditions, thermal characteristics of 
the backing material, pilot location and the analysis method used, among others. It is important 
to define in an appropriate manner the limits of applicability brought forward by these 
assumptions and the degree to which the findings can be extrapolated to other scenarios so as 
to reduce the potential for misuse of the information presented herein. 
Ignition of a solid is a complex process in which the actual time of occurrence is open for 
interpretation. A practical definition of time for ignition necessarily requires agreeing on certain 
simplifications, namely making mixing and induction times equal to zero, that allows 
approximating it by the time for pyrolysis. However, the most important premise is that the 
sample shall act as a semi-infinite solid, which means that the experimental setup must 
guarantee this condition.  
The onset of ignition is established by correlating the time for ignition with the thermal 
properties and the external heat flux by means of an experimental approach. In addition, this 
methodology allows deriving the surface temperature of the sample, a parameter that is very 
difficult to measure in the laboratory. The formulation requires the use of an ‘effective’ thermal 
inertia, which is determined by a regression analysis and not by obtaining the thermal 
conductivity, density and specific heat independently, using the relevant laboratory equipment. 
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Three types of laminated bamboo of the species Phyllostachys pubescens (Moso) were studied. 
Samples A and B were tested perpendicular to the grain (PP1), and sample C perpendicular 
(PP1, PP2) and parallel to the grain (PLL). An important difference between each sample type 
was the type of adhesive used to bond layer together. Debonding was observed to occur only 
for sample A, which used urea-formaldehyde as a bonding agent. For samples B and C (using 
phenol resorcinol formaldehyde and phenol-formaldehyde as adhesive, respectively), no 
delamination was observed. The effect caused by delamination must be taken into consideration 
for design purposes in a real case scenario.  
Among the ignition parameters, effective thermal inertia results showed the highest variability. 
Since it is a function of the ignition temperature, the sensitivity of the methodology may 
become evident when calculating the ignition temperature through small variations of the 
absorptivity and heat transfer coefficient.  
When comparing the critical heat flux for ignition, no major difference was observed between 
samples tested perpendicular to the grain (PP1 or PP2), as it was found to be 15 kW/m. For 
sample C, the parallel to the grain orientation (PLL) showed lower critical heat flux for ignition 
compared to those tested perpendicular to the grain (PP1 and PP2). Other authors have found a 
different behaviour when heating laminated bamboo perpendicular versus parallel to the grain, 
as the heat transfer within the sample varies with the direction of the fibre [19].  
Overall, the ignition temperatures, the effective thermal inertia and the thermal response 
parameter for laminated bamboo present similar values when compared to some timber species, 
especially softwoods. The variability of the results may be due to the testing conditions or 
assumptions that reflect the sensitivity of the model. Conversely, the differences in the results 
may be attributed to the experimental errors in the different experimental campaigns. 
Due to the difficulty in measuring the surface temperature during a test in an accurate way, 
mass loss rate has been established as a reliable parameter to determine the onset of ignition. 
Generally, a steep slope in the heat flux vs time chart determines when ignition takes place in 
a straight-forward way; however, locating the exact time when this change takes place required 
in this case the application of three different data processing methodologies in order to reach a 
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reliable result. Good consistency between samples and good repeatability in each case allowed 
establishing the critical mass loss rate of laminated bamboo between 2 – 4.5 g/m2s, when 
calculated with the Average noise method. In general terms, critical mass loss rate remains 
relatively constant when low heat fluxes (15-20 kW/m2) are applied. Higher values of critical 
mass loss rate where obtained when applying heat fluxes ranging between 60-80 kW/m2. 
Comparison between different samples tested under the same orientation allowed to conclude 
that Sample C has the higher mass loss rate at ignition. This could be because the samples have 
a higher density compared to sample A and B. There are no available references in literature 
regarding mass loss rates of bamboo.  
Heat release rates were also very consistent between types of samples. In all cases, the peak 
value was reached early in the test and the measurements dropped very steeply soon after. This 
behaviour is attributed to the generation of a char layer at the surface that acts as an insulation 
layer, preventing the temperature from building up in the unaltered material. As expected, both 
average and peak heat release rates per unit area exhibited an upward tendency for increasing 
values of incident heat flux. Sample C generates the largest absolute energy upon heating.  
Qualitative data suggest that laminated bamboo releases lower energy in a fire, depending on 
the species. Hence, bamboo would generate a smaller fire when compared with timber species 
like Pitch Pine, Chestnut Tree, and Oak [51]. However, all tests presented herein were 
conducted in a horizontal position; therefore, no fall off the lamellae was observed. Even 
though no conclusion could be made due to variations in the adhesive upon the heat release 
rate, the occurrence of fall off could potentially increase the heat release rate, as reported by 
Emberley et al. when testing CLT samples [52].  
Observations from these experiments show that laminated bamboo undergoes a flaming stage 
followed by an extended smouldering combustion process. Although this research does not 
quantify the smouldering effect, further research on this issue is very important, as it could be 
a potential failure mode after flameout has occurred.  
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Last, comparison of the results presented herein with timber materials must be done with 
caution, as bamboo is a completely different material. Qualitative data suggest that laminated 
bamboo has better ignition properties, especially after observing that it yields higher critical 
heat flux and surface temperature for ignition than the references found in the literature review.  
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Chapter 5. The spread of fire in bamboo 
5.1 Introduction 
In the context of a performance-based methodology, the stage of fire growth and development 
is described by two factors: heat release rate and the displacement of the flame front. This 
chapter focuses on flame spread characterisation and studies the particular properties of 
laminated bamboo that can affect such phenomena. As a result of the experimentation and 
analysis presented in the following sections, a complete picture of fire development is achieved 
by describing how fire grows and propagates in the material’s surface.  
Parameters relevant to vertical and lateral flame spread are calculated based on bench-scale 
experiments primarily using the Lateral Ignition Flame Spread Test methodology, with the 
addition of previous results from the data obtained in Chapter 4. In order to allow for proper 
referencing and comparison of results by third parties, this chapter describes the fundamental 
theory that supports the approach, referring to the relevant variations of both test configurations 
(lateral and vertical). 
The test results on flame spread velocity, critical heat flux and the derivation of the flame spread 
parameter are presented for each case and sample type. Final observations resulting from the 
experiments as well as limitations related to the applicability of the methodology are also 
provided. Results are discussed with the objective of determining how propensity for 
delamination and the type of adhesive may affect a fire-safe design that incorporates laminated 
bamboo in a building compartment. 
5.2 Fundamentals of flame spread 
According to Hasemi [1], flame spread is a mechanism in which a flame moves forward, in the 
proximity of a region undergoing pyrolysis on a fuel’s surface [1]. Flame spread is governed 
by certain mechanisms, which are a function of the material’s configuration and thickness, as 
well as other characteristics such as thermal inertia, thermal conductivity, melting, charring and 
 123 
 
delamination. Two main scenarios have been generally accepted as the ruling processes for 
flame spread: (1) opposed-flow flame spread and (2) concurrent-flow flame spread [2].  
In an opposed flame spread condition, as seen in Figure 5.1a, the flame front moves forward, 
preheating the unburned fuel and creating the conditions for the flame to continue its 
displacement. On the contrary, in a concurrent flow flame spread as seen in Figure 5.1b, the 
flow pushes in the same direction as the flame, effectively “driving” it forward and enabling 
propagation. In the first case, the flame boundaries are well defined the velocity of spread is 
reduced due to the limiting effect of the opposing flow. In the second case, the flame spread is 
much faster and its potential consequences on fire growth are more problematic. This due to 
the fact that the spread is wind-aided and the direction of the flame may be induced by the 
buoyancy effect of the flame itself, and depending on thermal thickness of the material and the 
flow (laminar or turbulent) depending on a HRRPUA of the material, [3, 4].  
 
Figure 5.1. Opposed flow flame spread (left) and concurrent flow flame spread (right) [5] 
Description of the process of flame propagation in a horizontal media requires consideration of 
certain variables, namely gas flow velocity, external radiation and buoyancy, among others [6]. 
Calculation of flame spread velocity is achieved by using the simplified case as a starting point, 
which assumes that the tip of the flame controls spread. As a consequence, the rate of spread is 
a direct function of the energy generated by the flame itself. 
However, other factors, such as oxygen concentration affect the robustness of the flame, 
resulting in that flame spread velocity and airflow do not have a direct relationship. Rather, an 
optimal airflow that delivers a maximum velocity can be obtained. Over a growing airflow, 
a) b) 
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flame spread velocity will increase as long as the heat generated by the flame is greater than the 
heat required to heat the incoming air. If this condition is not met, flame spread will start to 
slow down.  
The Damköhler number (Da) determines the occurrence of either condition. If Da > 1 the flame 
spread velocity describes an increasing tendency, which is normally referred to as the de Ris 
regime [7] Fernandez-Pello regime [2] is established, in which case flame spread will depend 
on the chemistry of the combustion process. Hence, the Damköhler number can be expressed 
as the ratio between the residence time and the chemical reaction time scale [8]: 
𝐷𝑎 =
𝜏𝑟
𝜏𝑐ℎ
 (5.1) 
Where τr is the time fuel vapours remain in the reaction zone or residence time, and τch is the 
effective duration of the reaction at the temperature of the flame, or chemical time. These 
characteristic times are a function of the flame temperature, free stream thermal diffusivity and 
characteristic velocity, among other parameters [9].  
The opposed flame spread scenario is explained by assuming that conditions of flow are well 
within the de Ris regime, not nearing extinction. At this point, and to properly define the scope 
of application of the theory, the following relevant assumptions must be established [8, 10, 11]:  
1. The solid is considered inert until ignition. 
2. Tig can be used as the temperature for pyrolysis Tp. 
3. Samples are thermally thick. 
4. The flame is driven by three sources of heat:  
 external heat transfer ?̇?𝑒
′′,  
 heat transfer through the solid ?̇?𝑠
′′, and  
 conductive heat transfer from the flame through the gas phase ?̇?𝑔
′′. 
5. As the flame moves forward the “virgin material” reaches ignition temperature, and the 
flame acts as a pilot ignitor that enables the spread. 
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6. The flame is not close to extinction, so the heat produced is bigger than the heat needed 
to increase the temperature of the new air allowing the flame to spread with the thermal 
wave.  
De Ris introduced an expression for flame spread velocity that takes into account the effects of 
the heat transfer, radiation, mass transfer and thermal properties of the material on its solid and 
gas phase, as well as the opposed flow velocity and the temperatures of the flame [7]. He found 
that the adiabatic stoichiometric flame temperature, and the thermal properties of the solid 
strongly influenced the spread of flame. Based on deRis findings, Quintiere derived Equation 
(5.2) that serves as the fundamental theory for the Lateral Ignition Flame Spread Test (LIFT), 
for thermally thick materials [4]. This expression correlates the spread rate Vf (m/s) with the 
thermal inertia kρCp, the temperature for ignition Tig (K), surface temperature Ts (K), the heated 
length, 𝛿𝑠 [m], and the heat flux from the flame, ?̇?𝑔
′′ [kW/m2].  
𝑉𝑓 =
?̇?𝑔
′′2𝛿𝑠
𝑘𝜌𝐶𝑝(𝑇𝑖𝑔 − 𝑇𝑠)
2 (5.2) 
Nevertheless, Quintiere pointed out the complexity related to determining the flame 
temperature in a material experiencing opposed flow and proposed the definition of an 
alternative variable: the flame spread parameter, ϕ (kW2/m3) which is the product of heat flux 
from the flame onto the sample in the gas phase, and the heated length [3]. This parameter is 
experimentally obtainable as it can be determined, under a known opposed flow velocity and 
ambient oxygen concentration. Further, other results [12] suggest that ϕ values obtained in a 
lateral configuration can be applied to downward spread. Therefore, Equation (5.2) now 
becomes (5.3).  
𝑉𝑓 =
∅
𝑘𝜌𝐶𝑝(𝑇𝑖𝑔 − 𝑇𝑠)
2 (5.3) 
If the material has been exposed to a pre-heating regime, conditions for thermal equilibrium are 
possible, in which case a heat balance equation can be formulated in order to obtain the total 
losses of the sample. These are equivalent to the heat input, allowing to derive surface 
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temperature as expressed by Equation (5.7). Equations (5.4), (5.5) and (5.6) define the ignition 
and surface temperatures.  
𝑇𝑖𝑔 = 𝑇∞ +
?̇?0,𝑖𝑔
′′
ℎ𝑇
 (5.4) 
𝑇𝑠 = 𝑇∞ +
?̇?𝑒
′′
ℎ𝑇
 (5.5) 
𝑇𝑖𝑔 − 𝑇𝑠 =
?̇?0,𝑖𝑔
′′
ℎ𝑇
 (5.6) 
Where ?̇?0,𝑖𝑔
′′  (W/m2) is the critical heat flux for ignition. By this reasoning, it is possible now to 
define the correlation of the flame spread with the flame spread parameter in terms of the critical 
heat flux for ignition and the external heat flux applied: 
𝑉𝑓 =
ℎ𝑇
2  ∅
𝑘𝜌𝐶𝑝(?̇?0,𝑖𝑔
′′ − ?̇?𝑒′′)
2 (5.7) 
While lateral flame spread can take either opposing or concurrent modalities, vertical flame 
spread follows the second. Concurrent flow flame spread is a fundamentally complex problem. 
In an opposing flow regime, the external flow limits flame spread but in the concurrent 
modality, the spread is defined by the flame length. As combustion happens, mass (fuel) is 
transferred from the surface to the flame. However, this transport process is controlled by the 
flow distribution, which in turn is affected by the flame itself. This condition provokes the 
gaseous fuel generated by surface heating only to partially ignite, creating an excess pyrolysate 
that induces additional instability on the flame.  
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Figure 5.2 Concurrent flame spread in upward configuration [1] 
Figure 5.2 shows the upward wall flame spread model, described by Hasemi [1, 13]. Here 𝑥𝑝 
[m] is the length of the pyrolysing region, 𝛿𝑓𝑐 [m] is the distance preheated by the flame, and 
the total flame length 𝑥𝑓 [m] would be according to Equation ( 5.8) [14]. 
𝑥𝑓 = 𝑥𝑝 + 𝛿𝑓𝑐 ( 5.8) 
 The velocity is calculated as the total distance spread by the flame over time, following 
Equation ( 5.9). 
𝑉𝑝 =
𝑑𝑥
𝑑𝑡
=
𝛿𝑓𝑐
𝑡𝑖𝑔
∗ =
𝑥𝑓 − 𝑥𝑝
𝑡𝑖𝑔
∗  ( 5.9) 
Where 𝑡𝑖𝑔
∗ is the time for ignition assuming a thermally thick material as Equation (5.10). 
𝑡𝑖𝑔
∗ =
𝜋
4
𝑘𝜌𝐶𝑝 (
𝑇𝑖𝑔 − 𝑇∞
?̇?𝑔′′
)
2
 (5.10) 
Therefore substituting Equation (5.10) in Equation ( 5.9) we get Equation  (5.11) 
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𝑉𝑝 =
𝛿𝑓𝑐
𝑡𝑖𝑔
∗ =
4
𝜋
?̇?𝑔
′′2𝛿𝑓𝑐
𝑘𝜌𝐶𝑝(𝑇𝑖𝑔 − 𝑇0)
2  (5.11) 
From Equation (5.12), contrary to the opposed flame spread model, 𝛿𝑓𝑐, is not a constant value, 
as it depends on the increment of the pyrolysis front and will affect the height of the flame. 
Therefore is a flame spread is a variable that can change in time.  
According to Welch [15], upward spread models start from approximating flame spread 
velocity by dividing the distance from the pyrolysis front to the end of the heated region at the 
flame front (heating length) over the flame spread time, which is equal to the ignition time 
under constant and uniform heat flux. Quintiere [4] explains that flame spread velocity can be 
related to the heating length to a given power, depending on thermal thickness and if the flow 
is laminar or turbulent.  
Fernandez-Pello [16] concluded that the spread of the flames is controlled primarily by the rate 
of heat transfer from the downstream flame to the unburnt fuel. Following this concept, 
Leventon and Stoliarov [17] recently proposed a model, based on experimental results on 
PMMA, that correlates the heat flux produced solely by the flame to the burning rate of the 
material. By combining the research results to a pyrolysis model, it is possible to calculate flame 
spread velocity without direct measurement of the location of the pyrolysis front or the length 
of the flame.  
Delichatsios [18] proposed a means to calculate the flame height for turbulent flow conditions 
that strongly depends on the energy release rate per unit wall width. This expression is 
applicable to realistic conditions but not for incipient spread [3], such as the one measured 
during a laboratory test.  
Further, Welch [15] provides a summary of models proposed by other authors which require 
either solving by numerical methods or the application of analytical solutions with 
simplifications valid only for specific conditions. It should be noted that in the case of charring 
materials such as bamboo, transient effects are introduced into the flame spread process; 
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involving a large number of unknown parameters, that upscale the complexity of the analysis 
Fernandez-Pello [16].  
5.3 Test setup 
The Lateral Ignition and Flame Spread Test (LIFT) based on ASTM-E-1321-13[19] was used 
for both lateral and vertical orientation. Figure 5.3 shows the testing configuration for the 
former case, which was replicated for the latter. The test consists in exposing a sample of 
laminated bamboo to a known constant heat flux, which is measured at different locations at 
the sample surface, and observing the development of the flame after ignition.  
 
Figure 5.3. LIFT test configuration for lateral flame spread 
Prior to the start of the test, the external heat flux imposed by the radiant panel over the surface 
of the sample was mapped using a water-cooled heat flux gauge, which was placed in a non-
combustible fibre block acting as a dummy specimen. Measurements were taken every 100 mm 
along its length, starting at 50 mm away from the leading edge with an offset of 5mm from the 
surface to avoid convection effects. As a result, the heat flux distribution shown in Figure 5.4 
as obtained by plotting the data at the specified locations and interpolating the values in 
between. Eight thermocouples were placed at the back of the sample in holes pre-drilled up to 
2 mm away from the exposed surface. Their purpose was to measure the temperature evolution 
within the material in order to guarantee steady thermal conditions prior to the beginning of the 
test.  
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Figure 5.4. Heat flux mapping distribution for (a) lateral and (b) vertical flame spread 
In order to reduce the heat losses from the unexposed side of the sample, the sides and back of 
the specimen were covered using two 2.5mm thick layers of ceramic insulation material and a 
final 0.2 mm layer of aluminium foil. The samples were placed in a holder frame angled at 15 
degrees in relation to the centreline of the radiant panel.  
The maximum external heat flux (imposed at the leading edge) chosen was 20 kW/m2, 35% 
over the critical heat flux for ignition, which was found to be 15 kW/m2 as reported in Chapter 
4. To be able to use the derivations from Equations (5.4)-(5.7) thermal equilibrium needs to be 
guaranteed, therefore this was obtained by heating the sample for at least 1,000 seconds. During 
this time, the temperature was measured by the thermocouples in-depth described before. When 
those measurements reached a plateau, the sample was deemed to have reached a steady-state. 
After that, a pilot flame was introduced in the leading edge to mark the onset of ignition and 
the start of the test.  
After ignition was achieved, a video camera placed perpendicular to the sample was used to 
record the movement of the flame, aided by the markings previously made on the exposed 
surface. As an example, Figure 5.5 shows four snapshots of the recorded progression of the 
flame at representative times of a typical test. The tests finished when the flame self-
extinguished.  
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Image post-processing combined with visual observations allowed determining the position of 
the pyrolysis front as a function of time. This was done by means of a software programming 
code that, using a frame-by-frame analysis, allowed reducing the uncertainty caused by the 
random movement of the flames between the camera and the surface. Sections 5.5 and Section 
5.6 provide further description of the measuring process for lateral and vertical configuration, 
as well as a discussion on the sources of error found in each case.  
 
Figure 5.5. Lateral flame spread test (a) before ignition, (b) spread of flame, (c) before 
extinction and (d) at extinction  
5.4 Materials and configuration 
Lateral and vertical flame spread testing and obtainment of its related parameters was done 
using the three types of samples described in Chapter 2, which are summarised in Table 5.1 
Testing was carried out using laminated bamboo samples manufactured using Phyllostachys 
pubescens (Moso) species, with a nominal size of 600 x 100 x 40 mm3. 
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Table 5.1 Types of “Moso” laminated bamboo used for flame spread testing (extracted from 
Table 2.5). 
Sample Type of adhesive present in sample 
Density  
[kg/m3] 
Moisture Content 
[%] 
A Urea Formaldehyde 575 ± 15 7.17 ± 0.06 
B Phenol Resorcinol formaldehyde 693 ± 16 6.08 ± 0.40 
C Phenol Formaldehyde 734 ± 20 8.12 ± 0.02 
For all types of samples lateral and vertical flame spread tests were carried out using a single 
sample orientation. On each case, at least two repetitions were conducted at the face 
perpendicular to the fibre, where the 6mm wide strip is placed horizontally (PP1). As seen in 
Figure 5.6, samples were marked every 25 mm starting at 100 mm from one of the edges. The 
reference lines were used as guidelines to measure the evolution of the pyrolysis front and flame 
length.  
 
Figure 5.6 Samples used for flame spread testing 
5.5 Lateral flame spread: results and discussion 
5.5.1 Flame velocity and critical heat flux for spread 
Flame spread velocity was obtained by dividing the distance spread by the flame over the 
elapsed time, which means that the location of the pyrolysis front must be accurately 
established. This raises two execution problems: (1) the view of the flaming/unburnt regions 
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interface at the sample surface is sometimes blocked by the flame itself and (2) the exact 
location of the flame is somehow erratic, given the arbitrary movement of the flame due to 
buoyancy. 
As a result, tracking the movement of the flame by simply taking snapshots of the test 
recordings induces a substantial error. To reduce this effect, an image processing code was 
developed at The University of Queensland using the general-purpose programming language 
Python. The code facilitated the analysis by providing two functions: (1) combine three frames 
around the time of interest to generate an “average frame” and (2) subtract a pre-defined 
baseline frame from a frame at the time of interest in order to generate a “differential frame” 
where changes can be spotted easier.  
The combination of the two functions described above results in four possible frames, as shown 
in Table 5.2 below.  
Table 5.2. Frames for analysis resulting from image processing at the time of interest. 
Nomenclature Image processing output 
UF Unaltered frame as obtained by the recording camera 
UD Unaltered frame showing differential from baseline frame 
AF Averaged frame without differential 
AD Averaged frame showing differential from baseline frame 
The code proved very useful to process the information obtained after testing nine samples in 
total for all types of samples, as the movement of the pyrolysis front was measured every 10 
seconds. Total test duration exceeded 250 seconds on average, meaning that at least 900 still 
frames were obtained. Figure 5.7 and Figure 5.8 illustrate the outcome of the software for 
Samples A and C, respectively.  
In each figure, the first frame (a) is obtained from the unfiltered image recorded by the video 
camera. The second frame (b) is produced by combining the first frame (a) with the baseline 
frame (not shown), which was obtained prior to the beginning of the test with the sample in 
place. Contrary from frame (a), frame (b) allows visualising the markings previously drawn at 
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the surface of the sample, hence enabling movement tracking. Frame (c) results from averaging 
one frame before and one frame after frame (a) as captured by the video camera. In this frame, 
the uncertainty related to the pyrolysis front location is reduced –although not eliminated– and 
a better estimation is achieved. Frame (d) uses the averaged frame (c) and again superimposes 
the baseline frame with a refined result that allows locating the averaged pyrolysis front in 
relation to the markings. It should be noted that not frame (d) alone provides all required 
information. The ultimate determination of the distance of spread is a method that involves 
analysing all four frames simultaneously.  
    
  
Figure 5.7. Images used for analysis: lateral flame spread in S.A (a) UF, (b) UD (c) AF and 
(d) AD. 
Figure 5.7 (a) depicts the specific case of sample A when delamination occurs, as can be 
observed in the detached portion of laminated bamboo on the bottom right corner of the sample. 
By the combined analysis of all frames, at the time in question the estimated distance spread by 
the flame is 300 mm, indicated by the black and white arrows in the figure. The developed code 
determines the actual distance with higher precision by counting the number of pixels in the 
image and comparing them to a previously calibrated reference.  
a) 
d) 
b) 
c) 
Delamination and fall off observed 
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Image processing as presented also allows avoiding a source of error seen in frames (a) and (c) 
of Figure 5.7. The flame spread was not even throughout the width; instead, flames extended 
forward on the edges of the sample. Therefore, the flaming front was measured at the centreline 
in a location, which was better determined by inspecting frame (c).  
   
  
Figure 5.8. Images used for analysis: lateral flame spread in S.C (a) UF, (b) UD (c) AF and 
(d) AD. 
No delamination behaviour was observed for sample C, which is illustrated by the very even 
flaming front depicted in Figure 5.8. Once again, the use of a differential frame allows 
determining the flame location presented by the red arrows at slightly over 500 mm; a value 
that was later refined using the same methodology explained before.  
Last, by using the plot of heat flux vs distance on the surface of the sample shown in Figure 5.4 
(a), it is possible to determine the incident heat flux at the flame location for every time step. 
The data of flame spread distance paired with the heat flux at those locations was used to 
generate the plots in Figure 5.9, in which larger heat fluxes correspond to the beginning of the 
test, when the flame spread velocity is also higher. Data points corresponding to locations where 
the incident heat flux was over the ignition threshold were neglected from the plot.  
a) b) 
c) d) 
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Figure 5.9. Lateral flame velocity vs heat flux plots for a) Sample A, b) Sample B  
and c) Sample C. 
Sample A and B exhibited similar behaviour; however, the spread rate of Sample B was higher, 
judging by the absolute values of speed and the general slope of the curves, which reflects flame 
acceleration. Even though all samples were exposed to the same initial heat flux (at the end 
nearest to the radiant panel), sample C did not develop early flaming, hence no flame spread 
can be reported at that stage. Instead, sample C exhibited a more pronounced charring behaviour 
at high heat exposure, which resulted in flaming only taking place when the sample was exposed 
to heat fluxes between 10.97 – 11.53 KW / m2. This behaviour is discussed with more detail in 
the following sections. 
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As the test progresses, the pyrolysis front moves away from the heat source, hence the heat flux 
becomes lower, until it reaches a position where the external energy is not enough to sustain 
combustion, and the flame extinguishes. This condition also corresponds to the location where 
flame velocity approaches zero, as seen in Figure 5.9. At that time, the maximum distance of 
flame spread can right-hand directly. Using that measurement as an input, the critical heat flux 
for spread was derived from Figure 5.4 at around 5.0 kW/m2 for all samples. Results obtained 
showed very good repeatability between different tests of the same sample and also good 
consistency between all samples. The observed delamination phenomenon did not influence the 
results, as it took place behind the pyrolysis front.  
5.5.2 Flame spread parameter 
After calculating instant velocities as presented in the previous section, Equation (5.7) was used 
to determine the flame spread parameter (ϕ) for each test. The methodology followed consists 
of adjusting the plots shown in Figure 5.9 so that the y-axis depicts the inverse of the square 
root of the calculated flame spread velocities. By doing so, Equation (5.7) converts to: 
1
√𝑉𝑓
= √
𝑘𝜌𝐶𝑝
ℎ𝑇
2 𝜙
(𝑞0,𝑖𝑔
′′ − 𝑞𝑒
′′) (5.12) 
In the resulting plot, where heat flux remains in the x-axis, a linear trend line is obtained, which 
must intersect the x-axis at the previously calculated value of heat flux for ignition. The slope 
of the linear can then be equated to the square root term on the right-hand side of Equation 
(5.12). The flame spread parameter is solved by using the values of thermal inertia obtained in 
Chapter 4 by a similar method (not by an experimental methodology as presented in Chapter 
3). The total heat transfer coefficient was calculated for a vertical hot plate assuming free 
convection as per [20].  
Table 5.3 shows the results of the flame spread parameter calculated as explained above 
lumping together the data from all tests performed for every type of sample; hence, it is not 
possible to report a value of uncertainty. There is good consistency between samples A and B 
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but not C, meaning that the first two have very similar behaviour among them, whereas flame 
spread at the third can be classified as less favourable.  
Table 5.3. Average lateral flame spread results. 
Sample 
Maximum Flame 
Spread Distance [mm] 
Critical Heat Flux 
For Spread [kW/m2] 
Flame Spread 
Parameter (ϕ) [kW2/m3] 
A 354 ± 8 4.90 ± 0.20 5.24 
B 346 ± 13 5.44 ± 0.46 5.85 
C 399 ± 22 4.27 ± 0.42 9.37 
The table also provides a summary of the maximum flame spread distance and critical heat flux 
for spread in every case. In those cases, uncertainty can be calculated and is quite satisfactory. 
In addition, results are very homogeneous for both parameters in every type of sample.  
5.5.3 Observations 
Annotations regarding the behaviour of flame spread were taken during testing. They are 
summarised as follows. Firstly, during the preheating time, a length of 250 mm from the leading 
edge of the sample exhibited thermal degradation and charring, hence the readings reported 
herein were started on that mark. The right-hand side of the picture shown in Figure 5.5(a) 
depicts the charred area in question.  
Once ignition started, the flame spread for variable times and distances. As explained at the 
beginning of the chapter, the rate at which the flame spreads depends on the rates of chemical 
decomposition and the pyrolysis front generated; therefore, the derived spread parameter serves 
as a quantitative method to compare between different materials and, like in this case, different 
methods to produce similar construction products.  
During Test 3 – sample C, at a time between 60 and 90 seconds the spread velocity increased 
abruptly. This phenomenon could have been caused by an incoming flow current, possibly due 
to the opening of a door in the laboratory room, which created a faster and more turbulent flame. 
In addition, during preheating of all samples, the cracks and the char layer generated at the 
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sample surface had a direct incidence on the spread evolution, stopping the forward movement 
of the flame momentarily at some stages of the test. For this reason, especially in samples B 
and C the spread velocity does not seem to reach a fully steady value.  
Regardless of the complications encountered at the data processing stage, which were described 
previously, it was possible to generate the spread and ignition chart shown in Figure 5.10 for 
sample A. The rest of the samples yielded similar results, hence that plot is used for illustration 
purposes. Noticeably, both data series converge around the critical heat flux for ignition (~15 
kW/m2 as reported in Chapter 4), where both time to ignition and spread rate values 
approximate infinity.  
At this point, it would be interesting to compare other laminated bamboo products using the 
flame spread parameter. However, to the author’s best knowledge there are no previous data on 
this subject. In addition, according to Di Blasi [21], charring materials have constraints when 
applying some flame spread models due to their complex chemical composition, as the material 
experiences deformation, cracking and shrinking when it chars. These processes are difficult to 
predict and account for in the model.  
Further, according to Atreya [22] timber experimentation has low repeatability due to their 
different moisture content, variable grain direction, and heterogeneous processes of 
degradation, among other conditions. Possible sources of comparison were provided by 
Merryweather et al. [23], who obtained the flame spread parameter for other kinds of materials 
including plywood (28.0 kW2/m3) and medium density fibreboard (17.1 kW2/m3). Their results 
suggest that flame spreads faster flame than laminated bamboo.  
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Figure 5.10. Spread and ignition results for Sample A. 
5.6 Vertical flame spread: results and discussion  
5.6.1 Flame velocity and critical heat flux for spread 
The procedure to determine the location of the pyrolysis front for vertical configuration was the 
same as for lateral flame spread. The same video recorder and image post-processing software 
as described in Section 5.5.1 was used. However, in this case tracking of the displacement of 
the flame at the surface of the sample was more difficult than before, hence the developed code 
proved even handier.  
Figure 5.11 explains where the pyrolysis front was tracked through visual assessment with the 
digital processes images during the flame spread tests. The following figures show the 
progression of the pyrolysis front along the spread of the flame as it moves up the sample, 
starting with the frames for time zero, right at the beginning of the test when piloted ignition 
has not happened but the sample is already exposed to heat, producing glowing and initial 
charring. Naturally, the differences between each picture are almost null.  
The condition of the sample changes rapidly after just 5 seconds into the test, as observed when 
comparing Figure 5.12 and Figure 5.13. As would be expected in a vertical configuration, the 
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flame orientation is concurrent with its movement direction, increasing the uncertainty around 
the pyrolysis front. This is certainly not aided by the fact that the flame propagates very quickly; 
therefore, it was necessary to reduce the time step for image processing from 10 seconds for the 
lateral tests to 5 seconds in the current case. Red arrows in the figures indicate the assumed 
location of the pyrolysis front, according to Figure 5.11, which once again was estimated by 
analysing all frames at the time in question. 
 
Figure 5.11. Example of the tracking of the pyrolysis front, image edited from [24]. 
 
    
Figure 5.12. Images used for analysis: vertical flame spread in S.C (a) UF (b) UD, (c) AF and 
(d) AD at the start of the test. 
a) d) b) c) 
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Figure 5.13. Images used for analysis: vertical flame spread in S.C (a) UF, (b) UD, (c) AF and 
(d) AD after 5 seconds. 
The relevance of the image processing sequence is illustrated very well by frame c) when 
compared to a). The unprocessed image depicts a localised flame at the top of the sample that 
could have induced an error regarding the front progression. This is avoided by means of the 
averaged frame c) which evidences that the observed phenomenon was only the product of an 
enlarged flame, not an advanced burning region.  
Figure 5.14 further exemplifies the deceiving effect of analysing a single frame. Once again, an 
apparent flame emerges at the top, but the averaged frame c) discards the possibility of it 
emerging at the surface of the sample. Figure 5.15 illustrates another complication of the test, 
as a section within the flaming region appears to have been extinguished, creating what could 
be assumed as two pyrolysis fronts. Again, averaged images c) and d) demonstrate that it was 
an instantaneous phenomenon and the spread distance can be located where indicated by the 
red arrow. 
    
Figure 5.14. Images used for analysis: vertical flame spread in S.C (a) UF, (b) UD, (c) AF and 
(d) AD after 10 seconds. 
a) d) b) c) 
a) d) b) c) 
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Figure 5.15. Images used for analysis: vertical flame spread in S.C (a) UF, (b) UD, (c) AF and 
(d) AD after 15 seconds. 
 
    
Figure 5.16. Images used for analysis: vertical flame spread in S.C (a) UF, (b) UD, (c) AF and 
(d) AD after 15 seconds. 
The apparently extinguished region seems to be more defined at the time depicted by Figure 
5.16, when even for frames (c) and (d) the bottom of the sample, where incident heat flux is 
larger, is still ignited. Noticeably, charring has not caused extinction, nor delamination has 
occurred. In parallel, the flame has moved upwards and reached the maximum height indicated 
by the red arrow.  
After tracing the location of the samples, the instant velocity for every time step was determined 
and plotted as seen in Figure 5.17. Plots do not include information taken at locations where 
the incident heat flux exceeded the critical heat flux for ignition. Data for sample A exhibits an 
increasing tendency for the only valid test. In the second test –not shown – all possible 
measurements were taken above the critical heat flux for ignition. No more samples were 
available to complete a third test.  
a) d) b) c) 
a) d) b) c) 
 144 
 
 
 
Figure 5.17. Vertical flame velocity vs heat flux plots for (a) Sample A, (b) Sample B  
and (c) Sample C. 
Sample B shows better consistency between tests; however, the number of points plotted was 
reduced substantially because tests results exhibited an erratic behaviour of the flame, which 
constantly stopped or even regressed, yielding negative values of velocity that were discarded. 
Complications related to the measuring procedure explained before account for possible errors 
reflected in the plot.  
The same problem was observed for sample C, but since four tests were conducted in this case, 
more plot points are available. Noticeably, tests 2 and 3 produced three or less valid data points. 
Nonetheless, results allow identifying a certain increasing tendency that resembles that of 
sample B. In general, there is a good agreement between all tests that allows locating the critical 
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heat flux for spread at 7 – 8 kW/m2. Same as in lateral tests, the critical heat flux was determined 
by using the calibrated curve in Figure 5.4 (b). It is important to highlight that in these tests the 
calibrated curve shows 7-8 kW/m2 almost at the end of the sample edge. Therefore, this value 
of critical heat flux for spread may not be conclusive, as no preheating length is available, and 
the effect of the edges can change the analysis of the model. For this work, no more samples 
were available to achieve longer samples. However, for future work it would be important to 
consider testing lengthier samples in order to measure possible variations of the critical heat 
flux for spread.  
5.6.2 Flame spread parameter 
Flame spread parameter for vertical configuration tests was calculated in the same way as 
described in Section 0. Table 5.4 contains the results for each type of sample, as well as the 
averaged results of maximum spread distance and critical heat flux for spread. Once again, it is 
not possible to report a value of uncertainty for ϕ because data obtained from all repetitions of 
each sample were used to obtain a single parameter.  
The absolute values of the flame spread parameter are in general around 10 times more than the 
lateral tests, which is consistent with what was observed in Figure 5.12 through Figure 5.16, 
where the flame had a very long outreach in a short time. Consistent with lateral spread, the 
vertical parameter seems to be more homogeneous between samples A and B, although given 
that only one test yielded useable data plots for sample A, a final conclusion cannot be drawn.  
Table 5.4. Average vertical flame spread results. 
Sample 
Maximum Flame 
Spread Distance 
[mm] 
Critical Heat 
Flux For Spread 
[KW/m2]  
Flame Spread 
Parameter (ϕ) 
[kW2/m3]  
A 554 6.94 86.73 
B 499 ± 4  8.14 ± 0.10 78.55 
C 472 ± 73 7.34 ± 0.36 51.78 
Results for maximum spread distance and critical heat flux are very homogeneous between 
samples. When possible to calculate, margins of error are very satisfactory except for sample 
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C’s spread distance suggesting a high measuring uncertainty. Again, this expected due to the 
complications while locating the flaming front using the video recorder.  
5.6.3 Effect of the sample type  
For this set of experiments, the specimens were tested perpendicular to the grain with the 
bamboo stripes positioned flatwise (PP1). Sample A showed debonding and fall-off of the 
burned lamellae behind the ignition front, while samples B and C exhibited no debonding 
whatsoever. For experiments that were tested in lateral configuration, samples A and B yielded 
similar spread distance and for sample C, the flame spread for an additional 50 mm. For all 
three sample types, the critical heat flux for spread was remained steady. with an average of 
4.87 ± 0.59 kW/m2. The flame spread parameter for sample A and B was lower than sample C.  
For the tests conducted in vertical position, again sample A showed debonding and fall off of 
the lamellae, which didn’t happen for sample B and C. Contrary to what was observed in the 
lateral configuration, sample C presented a shorter flame spread distance, and lower value of 
flame spread parameter compared to sample A and B. The value obtained for the critical heat 
flux of spread is not conclusive for any of the three sample types.  
Except for the flame spread parameter, the results obtained for each sample type were always 
within a constant range of values. Even if sample A and B showed alike behaviour compared 
to sample C, the difference found was not large enough to conclude a particular trend due to 
the sample type. However, even though the results are similar, it is important to highlight that 
the major characteristic observed during testing was the debonding and fall-off of lamellae for 
sample A. As it can be seen in Figure 5.18a), this phenomena caused the flame to be distributed 
along the entire length of the specimen without quenching, and even when the flame stopped 
spreading, flames continued to appear along the sample, increasing the heat release rate per unit 
area. When no fall off happens, as seen in Figure 5.17 b) for sample C, the pyrolysis front 
spreads forward, producing a char layer behind, which caused extinguishment of the flames left 
at the beginning of the sample.  
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Figure 5.18. a) Sample A debonding behaviour b) sample C no debonding or fall off 
behaviour 
Experiments completed for the opposed flame spread configuration showed that the fall off 
behaviour did not alter the results of the flame spread velocities, as debonding and fall off 
happened behind the ignition front. For tests conducted in the concurrent configuration, the 
flame spread was much faster when compared to lateral tests, and the time scale of the spread 
was found to be much greater than the time scale for fall-off to occur, therefore, the fall-off did 
not alter the results of the flame spread velocities. Nevertheless, it is important to highlight that 
having a material that debonds and falls can increase and speed up the growth phase of a fire in 
a compartment, as the exposed virgin area will contribute to increase the heat release per unit 
area, and therefore change the fire dynamics inside the compartment. 
5.6.4 Uncertainty in measurements 
The results observed for vertical flame spread should be used with caution, since locating the 
pyrolysis front using this configuration proved even more complicated. When processing the 
images recorded in front of the sample surface, it could be seen how intermittent flaming 
regions appeared throughout the sample’s height. In addition, the flames themselves obstructed 
a direct view to the pyrolising and charring fronts, making them difficult to locate. The use of 
a second video recorder placed sideways to the burning surface could have enhanced better 
observation; however, the advanced flames at the edge would still potentially block the view 
from that angle to the centreline of the sample.  
Flames along the whole length 
of the sample. Debonding and 
fall off lamellae observed 
a) b) 
Extinguishment 
of flames 
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5.7 Conclusions  
The opposed-flame spread methodology proved valid for the case of lateral flame spread in 
laminated bamboo. The use of a video recorder and image post-processing software made 
possible to track the location of the flame at all times and to calculate flame velocity and other 
flame spread properties using the fundamental theory in a straight forward manner.  
Once ignition started, the flame spread for variable times and distances. The rate at which the 
flame spreads depends on the chemical decomposition and the pyrolysis front generated; 
therefore, the derived flame spread parameter serves as a quantitative method to compare 
between different materials and, like in this case, different methods to produce similar 
construction products.  
Before igniting, all samples charred over the area closest to the heating source, up to a length 
of 250 mm from the leading edge. This is an important observation because it means that during 
the preheating stage, originally meant to induce a thermal equilibrium in the sample, the 
material underwent thermal degradation. The resulting char layer very likely provoked a 
localised thermal gradient on the sample cross-section.  
For the lateral configuration, the maximum distance spread by the flame was between 346-399 
mm for all samples. The critical heat flux for spread, which is the heat flux in which the flame 
will stop spreading, was found to be in the range of 4.27-5.44 kW/m2.  
The flame spread parameter depicted lower values for samples A and B, 5.24 and 5.85 kW2/m3 
respectively, and 9.37 kW2/m3 for sample C, all of them lower than the ones obtained in 
literature for timber. Based on that observation, it may be interpreted that fire spreads at a slower 
rate in bamboo than in timber.  
The undertaking of vertical flame spread, on the other hand, demonstrated how limited the 
available theory is when attempting to replicate a real scenario. Practical difficulties related to 
locating the pyrolysis front at every time steps adds on to the complex, mutually affecting 
processes of pyrolysis and flaming instability that takes place in a buoyant media. Therefore, 
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the results of vertical spread have a very high statistical uncertainty and should be evaluated 
only from a qualitative standpoint.  
The critical heat flux for spread in vertical orientation was found to be between 7-8 kW/m2. 
However, since it was measured almost at the end of the sample edge, this value may not be 
conclusive because the preheating length could not be measured and the edge effects may 
change the conditions of the model.  
The charring behaviour gains importance when fall-off takes place, as was the case with Sample 
A. When the charred section falls off, a virtually unaltered surface becomes exposed and 
initiates pyrolysis. The newly emitted gaseous fuel affects the advance of the flame by creating 
a new pyrolysis front. In the case of the vertical configuration, this event implies an additional 
affectation, as the additional pyrolisates spread upwards to the flame and produces additional 
instability. As a result, a new flame front is generated and two practical consequences are 
observed. On the one hand, the heat release rate is increased; on the other, the burnout front that 
in normal conditions follows the flame front vanishes, as seen in Figure 5.18. 
From the perspective of performance-based design, the phenomenon described above proves 
critical in describing flame spread and fire growth in laminated bamboo. Essentially, 
delamination becomes the characteristic that effectively governs how fire will grow in a 
compartment: if laminated bamboo experiences fall-off, the rate of displacement of the fire 
front and the rate of heat release will increase in a manner that cannot be accurately predicted 
by the existing fundamental theories. Design of laminated bamboo as a construction material 
involved in a compartment fire is directly dependant on preventing delamination. 
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Chapter 6. Thermal evolution and self-extinguishment in laminated bamboo 
6.1. Introduction 
A limited amount of design standards are available to use when working with bamboo [1]. In 
the absence of appropriate guidelines, timber standards and codes are being used as reference 
testing protocols to understand bamboo’s physical and mechanical performance. Even though 
the results obtained so far have shown that failure modes and strength parameters appear to be 
similar to those of timber, the lack of knowledge of its fire behaviour still represents a barrier 
for its use in design and structures. In addition, current timber designs for fire are in some cases 
based upon prescriptive codes with incomplete scientific foundations. The Australian Standard 
AS 1720.4-2006 [2] and Eurocode 5 [3], assess the fire design for timber elements based on the 
reduced cross-section method, which assumes that a portion of timber is lost due to an idealised 
charring process during a fire.  
Nonetheless, studies have revealed that the known char layer serving as an isolative layer could 
be ineffective when fall-off or debonding occurs [4,5]. Emberley et al. [6] state that the 
probability of delamination increases in fire scenarios that include preheating time before the 
beginning of charring, thus facilitating the thermal penetration deeper into the timber section, 
even for short times of exposure.  
In addition, to assure structural integrity, the design strategy depends on the fact that all loading 
bearing elements in a building will not collapse, and therefore resist complete burnout of a fire 
[7]. For combustible structures, such as columns or beams made of bamboo, the only way to 
resist burnout is to guarantee that the combustible element will self-extinguish to avoid any 
structural failure. 
As part of the fundamental process of characterising laminated bamboo elements, it is important 
to understand the failure modes due to the internal heating and self-extinguishment as an 
essential parameter to guarantee structural integrity. This chapter presents the results of 
temperature measurement within laminated bamboo samples exposed to different intensities of 
heat flux that can be used to evaluate or extrapolate changes in thermal and structural properties 
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in real case fires. In addition, the potential of laminated bamboo materials to self-extinguish is 
studied herein by first establishing a minimum criterion based on a critical mass loss rate 
parameter.  
The experimental data presented herein is relevant to three types of samples of laminated 
bamboo, that are currently available and being used as a construction material. With the 
objective of studying the variation in failure modes due to the differences in the manufacturing 
process, which includes a range of adhesives and structural elements using different 
configurations, all samples were made from the same species: Phyllostachys pubescens (Moso). 
Samples were manufactured with diverse adhesives (urea-formaldehyde, phenol resorcinol 
formaldehyde, and phenol-formaldehyde) and tested by heating them using a perpendicular and 
parallel to the grain orientation 
6.2. Thermal evolution study 
The effect of fire on structures made from natural polymer-based materials such as timber and 
bamboo is normally addressed as two separate processes: loss of section due to charring and 
loss of strength in the uncharred section [8]. Bamboo constituting polymers, namely lignin, 
cellulose and hemicellulose reach phase transition [9, 10], which marks a stability and structural 
capacity turning point, at different temperatures. Further, those temperatures differ from 
moisture evaporation and charring temperatures as well. When a bamboo element heats up due 
to the exposition to external heat flux, a thermal gradient is created inside its cross-section. The 
resulting temperatures will dictate the decrease of intermolecular cohesion, as well as other 
structural properties such as modulus of elasticity, eventually leading to the ultimate failure 
mechanism [11]. Determination of laminated bamboo’s in-depth temperatures that result from 
exposure to an external heat source is required in order to, via a heat balance analysis, determine 
the thermal profile, and not only rely on the extent of charring but determine the loss of 
structural capacity even before charring has occurred.  
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6.2.1 In-depth temperatures 
Mechanical resistance is directly affected by temperature, and therefore to understand the 
evolution of heat inside a structural element is critical to achieving a safe structural design. 
Bamboo, like timber, is comprised mainly of hemicellulose, cellulose and lignin. Cellulose, 
which is responsible for attaining tensile strength, starts degrading around 200°C [12]. 
Hemicellulose, responsible for the compressive strength, experience a rapid loss of mass around 
180°C [13]. Lignin undergoes phase transition at temperatures around 60°C leading to a loss of 
binding strength between fibres, and change in the modulus of elasticity and on the mechanical 
behaviour [12-14]. These are relatively low temperatures, lower than 300°C isotherm currently 
used in codes for design as the charring criterion. This process can lead to structural failure 
before charring occurs. Therefore, it is also key to understand the evolution of the thermal wave 
inside bamboo apart from the charring based method.  
Many models have been developed to determine in-depth temperatures obtaining information 
via furnace testing [15-17]. However, furnace testing provides limited results, especially when 
testing timber, as the energy balance inside a furnace can be difficult to control or quantify [18, 
19]. To determine the behaviour of the thermal wave inside a solid is important to establish the 
boundary conditions and the irradiance at which the solid is exposed. Once these conditions are 
established, a thorough heat transfer model can be obtained for a performance-based design. 
Data obtained by experimental means is required in the form of input parameters to create a 
heat transfer model that can determine the temperature in-depth at a distance from a material’s 
heated surface.  
Reszka et al. [11] proposed a methodology to measure in-depth temperature distributions in 
wood samples exposed to fire conditions. Using a Cone Calorimeter apparatus, they exposed 
small timber samples to constant heat fluxes between 10 – 60 kW/m2, with thermocouples in-
depth every 5 mm from the exposed surface. The boundary conditions were well-defined as 
well as a well-known incident heat flux received by the sample [11].  
Based on experimental results, the authors presented an analytical solution for the evolution of 
temperature in the sample, treating the material as inert, with no heat sinks or sources due to 
 155 
 
surface oxidation, crack formation, moisture migration, reaction kinetics or pressure gradients 
[11]. They established some simplifications that were carefully met during the testing, and the 
resulting semi-infinite heat transfer model established characteristic values providing good 
prediction at the early stages of heating, for low heat flux. The authors also confirm previous 
observations by Boonmee and Quintiere [20] indicating that the onset of pyrolytic behaviour 
takes place at 10 kW/m2, therefore, validating the tool for the assessment of pyrolysis models.  
To the best knowledge of the author, there is no information on in-depth temperature evolution 
on bamboo exposed to external heat flux, apart from unpublished work by other researchers at 
The University of Queensland. Following methodology proposed by Rezska et al. [11], but for 
a horizontal configuration, tests were conducted to measure the temperature distribution in 
bamboo samples exposed to fire-like heat fluxes to contribute in the generation of data to 
evaluate heat transfer models that predict the evolution of the thermal wave.  
6.2.2 Charring rates  
The dimensional rate at which timber decomposes into char is referred to as the charring rate 
and described in mm/min [17]. Once the char layer is formed, it acts as an insulating covering 
that protects the virgin material and slows the rate of heat penetration and burning [21]. The 
understanding of the char layer and the rate of charring is important to determine how the heat 
will transfer inside the solid, as this will have an influence on the production of pyrolysis gases 
and extinction behaviour of the fuel during a fire. If the solid is a structural element, then it is 
of great importance to determine the effect of the loss of mechanical properties of the structural 
in-depth degradation due to heating.  
Production of flammable and inert gases, tars and a rigid char layer [22] happens when the 
surface temperature of bamboo rises beyond the decomposition limit of its components, namely 
240-250°C for cellulose, 200-260°C for hemicellulose and 280-500°C for lignin [18]. Char 
resulting from the combustion of the organic material, is an inert residue largely composed of 
carbon dark in colour, with minimal structural consistency [23]. Char formation effectively 
reduces temperature increase rates within a solid. According to Mikkola upon ignition of 
timber, and when the char layer starts to emerge, the heat flux to the pyrolysis front reduces, 
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and consequently the heat release rate plummets. Volatiles can no longer diffuse easily through 
the surface and eventually reaching a constant value as char thickness becomes steady. As a 
result, a strong temperature gradient is created near the char front in the uncharred material 
[24].  
Several models that have been proposed to calculate the charring rates are a function of density, 
moisture content and species, among others [25-29]. The most common methodology for the 
analysis of charring behaviour of timber–like materials is based on the principle that charring 
rates are directly linked to a specific isotherm value associated with the decomposition 
(pyrolysis) temperature. This temperature is measured via a Thermo-gravimetric Analysis 
(TGA), set at a constant heating rate [30]. For timber, common practice is to track the 300°C 
isotherm, which represents the location were pyrolysis has happened. However, as the rates of 
heating in real fire conditions vary continuously, the input of the model based on one pyrolysis 
single temperature can be inaccurate [31]. Di Blasi [30] reports that the production of char 
depends not only on the temperature at which the decomposition takes place but also on the rate 
of heating, which in a fire condition is known to fluctuate due to oxygen concentration and heat 
release rate of the burning source. Friquin [32] further supports these observations, by 
concluding that the rates of charring are not constant and are influenced by other morphological 
characteristics, such as moisture content, oxygen concentration, density, grain orientation, 
thermal inertia, thermal diffusivity and thermal exposure, among other material properties.  
A different approach to assess charring comes from measurement mass loss during burning. 
Bartlett et al. [4] conducted experiments for Douglas Fir CLT samples and tested them in the 
Fire Propagation Apparatus (FPA). They used this method to calculate charring rates following 
Equation (6.1): 
𝛽 =
?̇?𝑓
′′
𝜌 𝑤
 (6.1) 
where β (mm/min) is the charring rate, ?̇?𝑓
" (kg/sm2) is the mass loss rate per unit area, and ρ w 
(kg/m3) is the density of the wood tested. 
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Methodologies based on temperature and mass loss assume that the material behaves as a semi-
infinite solid. This means that the thermal wave will not reach the back of the control volume 
and therefore there will be no losses through that surface [33].  
An alternative method was proposed by Hidalgo et al. for thin carbon fibre reinforced polymer 
(CFRP) samples, using mass loss rate measurements with two alternative boundary conditions 
at the back of the sample [34]: adiabatic, approximated by an insulated ceramic sheeting; and 
heat sink, represented by an aluminium plate that allows free heat losses. These opposite 
conditions exemplify the extreme cases found on real conditions [34]. The assumptions 
established that the reaction zone is thin enough and that the material does not suffer any change 
in size and volume with the onset of pyrolysis. The char layer penetrates through the sample at 
a rate β and it is a function of the thickness with each time step. 
𝛽 =
∆𝑥
∆𝑡
 (6.2) 
where the mass loss rate is expressed by Equation (6.3):  
?̇?𝑙𝑜𝑠𝑠 =  
(∆𝑚𝑣 − ∆𝑚𝑐)
∆𝑡
= 𝛽 ∗ 𝑆 ∗ (𝜌𝑣 − 𝜌𝑐) (6.3) 
𝜌𝑐 =  𝑟𝑐 ∗ 𝜌𝑣 (6.4) 
Where Δmv (g) is the mass of the section Δx in a virgin material condition, Δmc (g) is the mass 
of the section Δx in a charring condition, S (m2) is the samples surface area, ρv (kg/m3) is the 
density of the section Δx in a virgin material condition, ρc (kg/m3) is the density of the section 
Δx in a charring condition, and rc is the mass ratio char vs virgin material. 
Reorganising Equation (6.3) the charring rate is obtained as the function of the mass loss, the 
surface area and density, which are values that can be obtained during the testing experiment.  
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𝛽 =  
?̇?𝑙𝑜𝑠𝑠
𝑆 ∗  𝜌𝑣 ∗ (1 − 𝑟𝑐)
 (6.5) 
The approach of determining the char rate through the mass loss allows accounting for a wide 
range of temperature and a range of rates of heating which can represent real scenarios in a fire. 
This method also accounts for the moisture and char mass lost instead of them taking one only 
one case of decomposition for a specific movement of an isotherm such as 300°C.  
6.2.3 Test setup and materials 
6.2.3.1 Thermal evolution experimental samples and configuration 
The tests to determine the in-depth temperatures were carried out in the Mass Loss Calorimeter 
model FTT0014 shown in Figure 6.1. Experiments were tested in a horizontal configuration for 
Sample A and Sample C. Before the testing campaign, the incident heat flux was calibrated to 
a set value using a water-cooled Schmidt-Boelter gauge, in similar manner as explained in 
Chapter 4.  
 
Figure 6.1. Mass Loss Calorimeter Apparatus [35]. 
Thermal evolution temperatures were measured experimentally by placing an array of 1.5 mm 
diameter K-type thermocouples in the centre of the sample introduced through the side. The 
heat flux tested for sample A were 10, 25, 45 kW/m2 and for sample C 15, 40 and 80 kW/m2. 
Radiant cone heater 
Scale 
Horizontal 
set up 
Equipment controllers 
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Lower heat fluxes were chosen for sample A, as it had half of the thickness (40 mm) compared 
to sample C. As is was seen in Table 4.2 from Chapter 4, when applying higher heat fluxes to 
smaller samples, the heat wave reaches the back in a short time affecting the boundary condition 
and influencing the result of the charring rates. Therefore, for sample A lower heat fluxes were 
chosen to test for this campaign.  
 
Figure 6.2. Thermal evolution test setup for sample A. Dimensions in millimetres.  
 
 
 
Figure 6.3. Thermal evolution test setup for Sample C. Dimensions in millimetres.  
Figure 6.2 and Figure 6.3 show diagrams of the test setup and the location of the thermocouples 
for each kind of sample. To guarantee the high precision in the location of the thermocouples, 
the holes were drilled in a CNC machine. The software was programmed to drill a 5mm in-
depth guide with a smaller bit, and a longer bit was used drill the complete 50 mm depth, this 
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eliminated the possibility of the thermocouple being placed on an angled position. During the 
tests, the thermocouples were protected with an aluminium shield to eliminate any radiative 
heat coming from the cone. 
Different sample types were tested following two main objectives. First, to understand the 
burning behaviour of laminated bamboo products with different adhesives, density and 
thickness. Hence, samples A and C were tested perpendicular to the grain, namely PP1. Second, 
in order to identify the influence of the orientation effects within a single sample type, sample 
C was tested perpendicular to the gran (PP1, PP2), and parallel to the grain (PLL). Figure 6.4 
shows the samples tested of laminated bamboo that were exposed to different levels of radiant 
heat flux. Samples A and C were tested perpendicular to the grain PP1, and sample C was also 
tested parallel to the grain PLL.  
 
Figure 6.4. a) Sample A and b) Sample C perpendicular to the grain side PP1. 
A detailed description of the samples used in this project has been given in section 2.7 and 4.4. 
To determine the behaviour of the thermal wave, sample A and sample C were tested as they 
represent extreme conditions (sample A - 40 mm thick and sample C - 100 mm thick).  
Figure 6.5 shows the testing setup of a Sample C exposed perpendicular to the grain to 
15 kW/m2 with the thermocouples inserted from the side and covered with an aluminium shield 
to protect them from radiation heating during the test.  
a) b) 
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Figure 6.5 Sample C horizontal set up tested at 15 kW/m2 
6.2.3.2 Charring rate experimental approach  
Charring rates were obtained for sample C side PP1 and PLL by two different approaches: 
1. Location of the thermal degradation isotherm  
2. The mass loss approach following Equation (6.5) 
To determine the charring rates through the location of the isotherm, the data obtained from the 
thermocouples in-depth detailed in section 6.2.3.1 was used for sample C. The isotherm used 
was obtained from the pyrolysis temperatures obtained in section 3.2.3. The isotherm depth was 
tracked using a script in the general-purpose programming language Matlab. The data reported 
shows the results obtained for Sample C in configuration PP1 and PLL.  
To determine the charring rates through the mass loss rate approach, the mass loss data obtained 
from the tests conducted in the cone calorimeter was used. The experimental approach followed 
Thermocouples 
covered to protect 
from radiation 
Type k-
Thermocouples 
inserted to the side 
of the sample  
every 10 mm 
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is explained in detail in section 4.3. The value of the mass ratio of char vs virgin material (rc) 
from Equation (6.5) was obtained from the thermo-gravimetric analysis performed for the 
heating rates of 1 and 20 °C/min, results presented in Chapter 3. This method has the limitation 
that the mass loss rate measured includes the mass loss through oxidation processes, thus 
resulting in a likely over-estimation of the charring rate. The detail explanation of the 
experimental procedure can be found in section 3.2.2. Data reported here include the charring 
rates results for heat flux 15, 40 and 80 kW/m2 each with the range as they are representative 
of the critical conditions. 
6.2.4 Results and discussion 
6.2.4.1 In-depth temperature 
Sample A with a perpendicular to the grain (PP1) orientation was exposed to three different 
constant heat rates: 10, 25 and 45 kW/m2, as seen in Figure 6.6. For the case of the lowest heat 
flux, temperatures throughout the sample increased at a slow rate, reaching the back of the 
sample after approximately 1,400 s (23 min).  
In terms of internal heating rates, intermediate heat flux of 25 kW/m2 yielded similar results at 
an early stage (reaching the back of the sample at around 900 s) albeit with higher temperatures 
for the thermocouples located 30 mm from the heated surface and beyond. At those locations, 
an apparent plateau is observed at 1,500 s and at 100ºC approximately, which can be attributed 
to moisture evaporation. After that time, internal temperatures enlarged at a much higher rate. 
Measurements at 25 mm and closer to the heated surface exhibited a high rate of temperature 
increase through most of the experiment. However, a localised and short plateau can be seen at 
10, 20 and 25 mm at some time between 2,250 s and 2,500 s at variable temperatures.  
Heat flux exposure of 45 kW/m2 produced the highest temperatures, and the heat wave reached 
the back at around 550 seconds. Interestingly, only at the 40 mm location a short plateau was 
observed at approximately 1,500 s and 100ºC, again probably due to moisture evaporation. 
Towards the end of the test, steep temperature increases can be observed at locations 30 mm 
from the heated face and beyond.  
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Figure 6.6. Thermal evolution results for Sample A – perpendicular to the grain PP1.  
Sample C was tested in the same configuration, but with a higher set of heat fluxes. 
Measurements obtained from tests using a perpendicular to the grain orientation (PP1) are 
shown in Figure 6.7. For these cases, heat fluxes used were 15, 40 and 80 kW/m2 and as 
expected, temperatures measured within the sample were higher than the previous case.  
At the lowest heat flux, thermocouples located between 10 and 40 mm from the exposed face 
of the sample exhibited a steep increase rate in temperature until approximately 450ºC, where 
the slope became more moderate. The rate was even milder for measurements taken at 50 mm 
and above, reaching a peak of 240ºC. Observations for the 40 kW/m2 heat flux were very 
similar, with larger absolute temperature values and some evidence of moisture effect shown 
by very small plateaus at 100ºC between 30 and 60 mm from the exposed surface. Noticeably, 
after reaching that temperature, measurements at locations in the range of 20 – 80 mm exhibited 
a much higher rate of temperature increase.  
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The same tendencies and observations described for the intermediate heat flux were detected at 
80 kW/m2, with the increase in heating rate after 100ºC being evident at locations between 30 
and 80 mm from the exposed surface.  
 
Figure 6.7. Thermal evolution results for Sample C – perpendicular to the grain PP1.  
In the case of Sample C, tested with an orientation parallel to the grain (PLL), the general results 
are very similar to those described for the previous cases, with an important variation. The 
thermal wave reaches the back at a fastest rate compared to sample C perpendicular to the grain. 
In addition, as shown in Figure 6.8, the temperature profile reaches steady-state faster and lower 
temperatures are obtained than compared with sample C perpendicular to the grain.  
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Figure 6.8. Thermal evolution results for Sample C – parallel to the grain PLL. 
 
Figure 6.9 shows sample C after being tested parallel to the grain at 15 kW/m2. As indicated by 
the arrow line #2, the sample experiences 5 mm of surface regression. Most of the 
decomposition and charring region happens in the first 30 mm measured from the surface. Some 
darker colours can still be observed up to 40 mm, indicating some sort of degradation in the 
material. 
As reported in Figure 6.8, thermocouple TC30@15kW/m2, located at 30 mm from the surface, 
measured temperatures around 350 °C towards the end of the test. In agreement with this, 
Chapter 3 established decomposition in sample C (air) to be in the range of 287.5 - 341 °C, 
depending on the heating rate condition. Thermocouple TC40@15kW/m2, located at 40 mm 
from the surface, measured a maximum of 250 °C, and being so close to the decomposition 
temperatures, it is very likely that the area was subject to degradation.  
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Figure 6.9. a) Sample C tested parallel to the grain after testes at 15kW/m2. White arrows 
show: 1- original size of the sample [100 mm], 2- regression surface [95mm], 3- 
decomposition and char [70mm], 4- degradation observed [60mm]. b) Sample C tested 
parallel to the grain with in-depth thermocouples. 
6.2.4.2 Charring rates: mass loss rate approach 
This section presents the results for charring rates measured for sample C. Data for sample A 
was considered invalid, because as seen in section 6.2.4.1, the heat wave reached the back of 
the sample early in time, changing the boundary conditions. This situation could cause a wrong 
measure of the charring rates due to the feedback effects of the heating coming from the back. 
Sample A also exhibited debonding of lamellae possibly contributing to an early burnout of the 
sample for every heat flux tested. It is important to highlight that the data presented here does 
not account for the smouldering and oxidation process of the char, just for the generation of the 
carbonaceous material that is a consequence of the decomposition of the virgin material.  
The measurement obtained by the mass loss rate approach can be seen in Figure 6.10 for heat 
flux of 15, 40 and 80 kW/m2 perpendicular and parallel to the grain, following Equation (6.5), 
where rc is the char/virgin material ratio. This value was obtained from the residue value of the 
TGA tested in nitrogen, previously detailed in Chapter 3. The complete spectre of degradation 
was obtained from TGA analysis using heating rates ranging from 1°C/min to 20°C/min at 
variable heat flux.  
a) b) 
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 Figure 6.10 Charring rate of sample C Test 1 side PP1 and PLL at 15, 40, and 80 kW/m2  
As detailed in Chapter 4, the mass loss rate was smoothened by means of a Locally Weighted 
Regression (LOESS), which to the methodology proposed by Cleveland et al. [36, 37]. For all 
cases the trend of the charring rate is similar as it starts with a steep increment during ignition, 
and once the char layer is formed, the rate of charring starts to slowly decrease until eventually 
it reaches a quasi-steady state. As the heat flux increases, the peak value of the charring rate 
also increases. Figure 6.10a shows that for the tests at 15 kW/m2 the samples oriented parallel 
to the grain had an earlier and higher peak value ranging between 1.15-1.36 mm/min at around 
10 minutes since the start of the test. Samples tested in the for the same heat flux but 
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perpendicular to the grain have a lower charring rate peak value of 0.76-0.91 mm/min 
happening at around 40 minutes after the start of the test. Similar behaviour is observed for 
lower heat flux as the time for ignition is also faster for samples parallel to the grain. For higher 
heat flux, ignition times are quite low, so there is not a major difference between the 
orientations. 
For the tests exposed to an incident heat flux of 40 and 80 kW/m2 (Figure 6.10b and Figure 
6.10c) the samples show higher peak values in samples tested perpendicular to the grain, where 
higher heat flux corresponds to higher rates of charring. The values obtained for tests at 40 
kW/m2 was in a range of 1.42-1.69 mm/min for perpendicular to the grain and 1.37-1.63 
mm/min for parallel to the grain. At 80 kW/m2 the value increase as to 2.33-2.77 mm/min for 
tests perpendicular to the grain and 2.19-2.61 mm/min at parallel to the grain. Table 6.1 shows 
a summary of the charring rate values obtained for each stage during the test.  
Table 6.1. Charring rates for heat flux tested 
Sample C 
Orientation 
Heat flux 
tested 
Heating rate 
[ºC/min] 
1 hr test data 
β [mm/min] 
Quasi-steady state 
β [mm/min] 
Peak 
β [mm/min] 
PP1 
15 
1  0.47 ± 0.17 0.30 ± 0.03 0.76 ± 0.02 
20  0.56 ± 0.20 0.36 ± 0.03 0.91 ± 0.02 
40 
1  0.64 ± 0.21 0.40 ± 0.06 1.42 ± 0.04 
20  0.77 ± 0.25 0.48 ± 0.07 1.69 ± 0.05 
80 
1  0.79 ± 0.30 0.45 ± 0.04 2.33 ± 0.02 
20  0.94 ± 0.35 0.53 ± 0.05 2.77 ± 0.03 
PLL 
15 
1  0.62 ± 0.24 0.31 ± 0.02 1.15 ± 0.02 
20  0.74 ± 0.29 0.37 ± 0.03 1.36 ± 0.02 
40 
1  0.55 ± 0.22 0.32 ± 0.04 1.37 ± 0.02 
20  0.66 ± 0.26 0.38 ± 0.05 1.63 ± 0.02 
80 
1  0.77 ± 0.34 0.41 ± 0.10 2.19 ± 0.17 
20  0.92 ± 0.41 0.49 ± 0.12 2.61 ± 0.20 
The data in the column named “1 hr test data” includes the average of the charring rate for the 
complete tested, since the start of the test, up to one hour. The column named “Quasi-steady 
state” the charring rate data obtained only form the so called “quasi-steady state” considers the 
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data after the peak has reached a steady state and into the end of the test. The column named 
“Peak” shows the average of the charring rate highest value. 
Figure 6.11 represents the range of values obtained using both the data from 1 and 20 °C/min 
for both perpendicular and parallel to the grain for 15, 40 and 80 kW/m2. The peak values were 
calculated directly as the maximum charring rate obtained in each test and averaged for every 
heat flux. The “Quasi-Steady state” data is calculated taking the data after the peak has dropped 
and a quasi-steady state is achieved. For example, in Figure 6.10(b), the quasi –steady state 
average was calculated with data from 15 min to 60 min. It is important to recognise the 
difference between these two values in order to use each one on the appropriate time scale of a 
real fire. 
For sample C_PP1, it can be observed in Figure 6.11a that the peak data for tests at 15 kW/m2 
range from 0.76 to 0.91 mm/min, for 40 kW/m2 the values range between 1.42-1.69 mm/min 
and for 80 kW/m2 the margin is 2.33 – 2.77 mm/min. The results of the “quasi-steady state” 
charring rate was obtained for 15 kW/m2 at a range between 0.30 and 0.36 mm/min, for 40 
kW/m2 from 0.4 to 0.48 mm/min and for 8 kW/m2 in a range between 0.45 to 0.53 mm/min. In 
all cases, the charring rate increases with the heat flux, and the range depends on the heating 
rate used.  
For the tests parallel to the grain, Figure 6.11(b) shows that the peak data for tests at 15 kW/m2 
range from 1.15 to 1.36 mm/min, for 40 kW/m2 the values obtained were from  
1.37 to 1.63 mm/min and for 80 kW/m2, 2.19 to 2.61 mm/min. The results of the “quasi-steady 
state” charring rate was obtained for 15 kW/m2 in a range between 0.31 and 0.37 mm/min, for 
40 kW/m2 from 0.32 to 0.38 mm/min and for 8 kW/m2 a range between 0.41 to 0.49 mm/min.  
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Figure 6.11. Sample C side a) PP1 and b) PLL Charring Rate Peak and Quasi-Steady State. 
Each bar represents the range of the results calculated with rc (char/virgin material ratio 
taken from TGA) from 1 °C/min to 20 °C/min. The error bar from each boundary point 
represent the standard deviation between repetitions.  
6.2.4.3 Charring rates: single isotherm approach 
As per discussed in Chapter 3, the thermo-gravimetric studies tested at four different heating 
rates showed that the critical pyrolysis temperatures of the laminated bamboo tested in this 
project are between 257.5-341°C for air and 298.5-362.5 °C for N2. To assess the char depth 
and charring rates using the isotherm method, the data obtained in section 6.2.4.2 was used. 
The isotherm depth was tracked using a script in the general-purpose programming language 
Matlab, and results can be observed in Figure 6.12 for sample C for side PP1 and PLL. 
The average charring rates are obtained in both methods are in a quite similar range, however, 
the values of peak charring rates show to be lower for the isotherm analysis. Therefore, 
obtaining accurate values of peak charring, is one of the limitations of the method based on the 
location of the degradation isotherm. This is due to the fact that in-depth thermocouples are 
located usually to track temperatures, the inside of the sample. Nevertheless, the peak value 
happens at the surface of the material. As detailed in Chapter 4, to measure the temperature in 
the surface of a material is complicated and can be inaccurate.  
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Figure 6.12 Charring depth and rate Sample C side PP1 and PLL doe 15, 40 and 80 kW/m2 
The results obtained in this study are consistent with Emberley’s result of timber charring rates 
[38], and Bartlett’s results when tested in the H-TRIS for 30 and 50 kW/m2 [4]. Emberley [38] 
obtained an average value of charring rate of 0.56 mm/min for European spruce timber, with 
peak values between 0.83-2.92 mm/min over a range of heat fluxes between 30-80kW/m2 on a 
vertical configuration perpendicular to the grain. This shows similar results than those obtained 
in this work. Also consistent with the trend observed in these results, charring rate increases 
with heat flux. 
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In agreement with other authors [4, 38, 39], the charring rates should not be set at a single value. 
When designing, many considerations should be made to best identify the most appropriate 
real-fire scenario and consider the wide range of possible conditions in which failure could 
occur. Designing with a single value of char rate is to omit important design parameters such 
as the variation of the energy exposed, the heating rates and the configuration of the sample 
among others.  
6.3 Self-extinguishment study 
6.3.1 Fire point theory  
As previously mentioned in Chapter 4, Bamford et al. first proposed the fire point theory in 
1946 [40]. Rasbash et al. [41] derived a comprehensive methodology that regards the critical 
mass flux of volatiles resulting from the thermal degradation process as the main parameter for 
flaming. By this reasoning, ignition is an accumulation of a mass flow of the volatiles that over 
a critical point is able to sustain flaming the nascent flame will, in turn, lose heat to the surface 
at a range which will not cause its own temperature to drop to a value below the extinction 
threshold. 
The pyrolysis process, by which volatile gases are produced, initiates mass loss in a solid as 
temperature increases. Previous to ignition, thermal decomposition of the material eventually 
creates a critical mass flow of fuel volatiles at the fire point (?̇?𝑐𝑟
" ), which generates a flammable 
gas mixture that eventually ignites and starts a new cycle of pyrolysis gases production that 
sustains the flame. By defining net heat flux at the surface of the solid, the critical pyrolysis rate 
per unit area needed for flaming as seen in Chapter 4 is expressed by Equation (4.14) as [18, 
42]: 
?̇?𝑐𝑟
′′ =
?̇?𝑒
′′ + ?̇?𝐹𝑙𝑎𝑚𝑒
′′ − ?̇?𝐿𝑜𝑠𝑠
′′
𝐿𝑣
 (4.14) 
Where ?̇?𝑒
′′ is the external heat flux, ?̇?𝐹𝑙𝑎𝑚𝑒
′′  is the heat flux from the flames to the surface, ?̇?𝐿𝑜𝑠𝑠
′′  
is the heat losses and 𝐿𝑣 is the heat of vaporisation. The above equation is a derivation that 
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allows explaining the heat balance required to sustain flaming. Noticeably, if the heat losses are 
greater than the heat generated by the flames and the external heat (if still present) extinction 
will occur. Tewarson and Pion [43] measured similar values for flaming heat and loses in 
timber, concluding that an external energy source is needed for extended flaming.  
This principle can be used to characterise piloted ignition as well as flaming extinction in terms 
of a critical mass loss rate, assuming the same chemical composition of volatiles [44]. 
Therefore, flaming self-extinguishment can be defined conceptually as an opposing 
phenomenon to piloted ignition for which both fire point conditions need to happen [18]. When 
the mass flow of volatiles is lower than a certain point, the gas mixture falls below the 
flammability limits, resulting in the extinction of the flame. Since this critical mass loss flow is 
measured at pilot ignition, it also provides a method to quantify the extinction conditions in 
terms of the basic properties of the decomposition products of the material.  
Generation of char has a direct influence on flame extinction. Similar as with timber, the char 
layer of bamboo forms from the degradation of the cellulosic material, becoming an insulating 
layer that reduces the heat transferred to the progressing pyrolysis zone and the virgin material. 
Consequently, the mass flow rate m” falls below its critical value of self-extinguishment ?̇?𝑆𝐸
"  
reducing the generation of flammable vapours until extinction occurs [39, 45].  
Emberley [38] explains how the char layer evolution eventually may leading to self-
extinguishment of a timber sample using a one-dimensional heat transfer problem with spatially 
uniform timber and char material properties. The formulation conceives three control volumes: 
the char layer, an infinitesimally thin pyrolysis area with a single temperature and the virgin 
region. The first and third control volumes as treated in a typical way, establishing boundary 
conditions for external heat – heat losses as applicable. The mid-region displaces over the length 
of the element, as the char region becomes larger and the virgin area is shortened. The model 
computes the energy balance of the char and pyrolysis layers and combines them to obtain an 
expression for the mass loss rate of the material: 
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?̇?𝑓
′′ =
1
∆𝐻𝑃
[?̇?𝑒
′′ + ?̇?𝑔
′′ − ?̇?𝑙
′′ − (−𝑘
𝑑𝑇
𝑑𝑥
|
𝑥=𝑥𝑐ℎ𝑎𝑟
) −
𝜕𝑞′′
𝜕𝑡
]= ?̇?𝑆𝐸
′′  (6.6) 
Where ΔHP is the heat of pyrolysis, ?̇?𝑒
′′ is the external heat flux, ?̇?𝑔
′′ is the heat flux produced by 
the char layer through oxidation as the temperature of the layer increases, ?̇?𝑙
′′ is the heat losses, 
k is the thermal conductivity and 
𝜕𝑞′′
𝜕𝑡
 represents the energy stored by the char. By inspection of 
the above equation, Emberley [38] explains that reducing the losses and the in-depth transfer 
energy by conduction (in parenthesis) as well as achieving an energy-storing steady state 
represents a worst-case scenario. If self-extinguishment is obtained under these conditions, then 
all other scenarios will also produce the same results. Furthermore, if the value obtained by 
Equation (6.6) is smaller than the critical mass loss rate ?̇?𝑓
′′ = ?̇?𝑆𝐸
′′  were then self-
extinguishment of the flaming combustion will occur. 
6.3.2 Test setup and materials 
As explained in section 4.3, Phyllostachys pubescens “Moso” laminated bamboo samples were 
tested to characterise self-extinguishment. Sample A_PP1 and sample B_PP1 perpendicular to 
the grain and Sample C perpendicular and parallel (PP1, PP2 and PLL) were tested for this 
experimental campaign. The sample description was mentioned before in Chapter 4 and details 
can be seen in Table 4.1.  
Self-extinguishment test followed the procedure detailed in Chapter 4, following ASTM E 1354 
[46, 47], using the Cone Calorimeter in horizontal position with external heat fluxes ranging 
from 15 to 80 kW/m2. A Schmidt- Boelter heat flux gauge was used to calibrate the cone heater 
before each test to measure and set the external heat flux to a known value. The specimens were 
covered at the sides and the back with aluminium foil of 0.1 mm thickness, while a 25 mm thick 
ceramic fibreboard was located at the back as insulation. The surface of the sample was 
measured to be 25mm away from the heater, same distance at which the calibration to set the 
heat flux was performed before every test. An additional calibration was executed to the load 
cell to ensure the accuracy of the results of mass loss. The samples were weighted with a known 
calibrated scale, both at the beginning and end of each test to compare the results from the load 
cell. A shield to block the cone heater was used to prevent the sample from preheating before 
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the start of the test, which was set underway once the shield was removed and the actual 
exposure had begun. A controlled spark was placed near the specimen’s surface until ignition 
was achieved. Upon ignition, gases were collected into the extraction hood and the heat release 
rate was calculated by means of oxygen consumption calorimetry [48]. Heat exposure was 
sustained until flameout or burnout had occurred.  
Time to flame out at the surface of each sample was recorded by direct visual observation. 
Based on the results from section 6.5.1, the maximum test duration was established at 60 min 
± 5 min. Samples that did not self-extinguish before this time underwent burnout. As previously 
mentioned, the characteristic delay time of the thermal wave to reach the back was analysed to 
happen around 60 minutes for the highest heat flux of 80 kW/m2 sample C_PP1 as seen in 
Table 4.2. 
The mass of the sample was also recorded every second during the test with the use of an 
Agilent Technologies 34890A data logger unit. The absolute value of mass provided by the 
load cell data reading was converted to a mass loss rate by differentiation of the mass over the 
time step and divided by the exposed surface area of the sample. The resulting mass loss rate 
per unit area (g/m2s) calculated over each second was graphed vs time. The recording of the 
mass loss rate showed in many parts a wide scatter, so the data was furthered smoothed using 
a Locally Weighted Polynomial Regression (LOESS) [36, 37] already described in Chapter 4. 
6.3.3 Results and discussion 
6.3.3.1 Criteria for self-extinguishment  
Samples exposed to heat flux ranging between 15 and 20 kW/m2 exhibited a process of self-
extinguishment characterised by complete sudden flameout. In samples tested above 20 kW/m2, 
flames that were initially fully covering the surface faded out, leaving localised smaller flashing 
flames at the sides, probably due to edge effects. The edge effects were attributed to the 
accumulation of the pyrolysis gases that come from the inside of the side of the sample and 
concentrate in a small area between the sample and the insulation material, preventing the 
extinction of the flame. As seen in Figure 6.13, in these cases self-extinguishment seemed to 
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occur for brief moments but did not fully take place. The observed self-extinguishment time 
was recorded when no flames were observed at the centre of the surface.  
 
Figure 6.13. Small flashing flaming of the sample previous to self-extinguishment a) 
Various flames in the centre of the sample: No extinguishment recorded, b) One small 
flame in the edge: Self -extinguishment recorded. 
6.3.3.2 Burning rates for self-extinguishment 
Sample A exhibited a separation between heated lamellae even for heat fluxes at which no 
ignition was recorded. Debonding occurred for every heat flux tested as seen in Figure 6.14, 
and no flameout was observed after ignition. The thermal wave reached the back in an early 
stage and burnout of the sample was observed for all of sample A tests. Since these experiments 
were tested in a horizontal position, no fall off was observed; however, when the test was 
finished and removed from the combustion chamber, charred lamellae fell from the sample. No 
self- extinguishment criteria was met for Sample A.  
a) b) 
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Figure 6.14. Sample A - No self–extinguishment. 
No debonding or fall off was observed for samples B and C. For both specimen types, flameout 
took place before 60 minutes in every test when exposed to a heat flux lower than 40 kW/m2. 
Samples tested at 40 kW/m2 self-extinguished between 33 and 76 minutes. Samples tested 
above 40 kW/m2 did not self-extinguish but reached burnout. In all cases, smouldering 
combustion kept happening after flameout until the sample was moved away from the radiant 
heater. No signs of delamination or deboning were observed in any sample although samples 
did experience surface shrinkage and cracking.  
Two main phases were observed from the mass loss rates results. Phase I: Flaming combustion, 
and Phase II: Smouldering combustion. The change in slope between the two phases was used 
to determine the critical mass loss rate for flaming self-extinguishment. The two phases and 
criteria for flaming self-extinguishment, ?̇?𝑆𝐸
′′ , can be observed in Figure 6.15. For all tests 
smouldering combustion continued until the sample was removed from the heat source.  
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Figure 6.15. Example of calculation for flaming self-extinguishment ?̇?𝑆𝐸
′′  
Considering all types of samples and testing orientations used, over 150 samples were tested in 
total. Similar to the methodology obtained for the critical mass loss rate for ignition as explained 
in Chapter 4, the critical mass loss rate for self-extinguishment was obtained by following three 
approaches. For notation purposes, these methods were called: a) Direct method, b) Average 
noise and c) Average smooth. The first method used the smoothed data by means of a Locally 
Weighted Regression (LOESS) [36, 37]. The direct reading of the critical mass loss rate for 
self-extinguishment was determined at the time where flameout was recorded (as shown in 
Figure 6.15). The Average Noise method calculated the mass loss rate for self-extinguishment 
by averaging of the noise data points around the time where flameout was observed. In a very 
similar way, the Average Smooth method calculates the average of the smoothed data points 
around the time where flameout was observed. 
As an example of the results obtained, Figure 6.16 plots mass loss rate versus time for an 
external heat flux of 30 kW/m2. The graph shows the data of three different tests with the mass 
loss rate results processed using the LOESS smoothing regression mentioned before. Thirty 
points were applied to the moving regression to smooth out the results.  
Phase II:  
Smouldering combustion 
Phase I: 
Flaming 
Combustion 
Flaming 
Self-extinguishment 
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Figure 6.16 Mass loss rate at self-extinguishment ?̇?𝑆𝐸
′′  for 30 KW/m2 – Sample B_PP1 
Ignition happened at approximately 60 seconds, which correlates to a steep increase in mass 
loss rate around 14.5-16 g/m2s peak. Then the mass loss rate gradually decreases until it reaches 
a steady state with a value around 4 g/m2s that remains constant up to the flame-out time 
(vertical dotted lines) when the mass loss rate for self-extinguishment is reached ?̇?𝑆𝐸
′′  
(horizontal arrow lines). The formation and built up of the char layer is responsible for this drop 
and subsequent self-extinguishment behaviour. At this point, the charred surface created an 
insulation layer that regulates the amount of heat flux reaching the pyrolysis zone [5]. 
For all three cases, the time to flameout occurred in the steady-state zone of the burning between 
33 and 43 minutes into the test. After approximately 25 minutes after each test had started, 
flaming diminished and smaller flames appeared around the edges, as explained before and 
shown in Figure 6.13.  
For all samples and orientations tested, Figure 6.17 summarise the average mass loss rate 
(MLR) at self-extinguishment for increasing incident heat flux. Sample type A was not 
evaluated for this parameter because initial testing yielded burnout in every case, due to the 
reduced depth of the specimen. Each figure includes three different groups of data, referred to 
the method by which mass loss rate at self-extinguishment was determined.  
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Figure 6.17. MLR self-extinguishment of Sample a) S.B_PP1 b) S.C_PP1 c) S. C PP2 d) 
S.C_PLL 
Mass loss rates in general exhibited an increasing tendency starting at 15 kW/m2 that reaches a 
peak at 20 kW/m2, except for Sample C – PLL, for which the overall maximum value of 5.79 
g/m2s ± 0.10 was achieved at 30 kW/m2. At the lower heat fluxes, mass loss rate is very steady 
regardless of the type of sample tested, ranging between approximately 3.5 and 4.5 g/m2s. At 
the highest heat flux for which self-extinguishment took place, mass loss rate had a very 
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homogeneous result of 3.75 g/m2s for all samples, except Sample C with PP2 orientation that 
had a slightly higher value of 4.1 g/m2s.  
Figure 6.17 also shows that the results obtained by the three methods (Average Noise, Average 
Smooth and Direct) are quite consistent with each other. In addition, the standard deviation 
depicted by the error bars remains within tolerable limits. Only in the case of Sample C, with 
perpendicular to the grain orientation (PP2), the associated margin of error is large enough to 
generate uncertainty in the results. 
Similar to Chapter 4, very good consistency was found in the results of the Averaging noise 
method. For the sake of discussion, Table 6.2 presents the results for the critical mass loss rate 
at self-extinguishment using the Averaging noise method. These results were averaged for low 
(15-20 kW/m2) and medium (30 and 40 kW/m2) values of the heat fluxes. Even if higher heat 
fluxes were tested, the highest external heat flux to achieve self-extinguishment was 40 KW/m2. 
Table 6.2 Average values for ?̇?𝑆𝐸
"  tested at low and middle heat fluxes.  
Average noise method 
Sample/Side 
Lower Heat Fluxes  
 (15-20 kW/m2) 
Heat Flux 
30 kW/m2 
Heat Flux 
40 kW/m2 
?̇?𝑆𝐸
"  [g/m2s] ?̇?𝑆𝐸
"  [g/m2s] ?̇?𝑆𝐸
"  [g/m2s] 
SB_PP1 4.1 ± 0.6 3.8 ± 0.3 3.7 ± 0.3 
SC_PP1 4.2 ± 0.4 4.5 ± 0.0 3.6 ± 0.3 
SC_PP2 4.2 ± 0.3 4.3 ± 0.1 4.0 ± 0.1 
SC_PLL 4.3 ± 0.5 5.4 ± 0.3 3.4 ± 0.3 
The mass loss rate for self-extinguishment, ?̇?𝑆𝐸,
′′  yielded higher values than the critical mass 
loss rate for ignition ?̇?𝑐𝑟
′′  obtained in Chapter 4. Taking the values averaged of heat fluxes from 
15 to 20kW/m2, sample B shows a 40% of increase from the critical mass loss for ignition, 
?̇?𝑐𝑟
′′ , compared to self-extinguishment, ?̇?𝑆𝐸
′′ . The rest of the results show an increased value for 
the critical mass loss at self-extinguishment of around 20%. This could be attributed to the 
occurrence of smouldering combustion, even when flaming self-extinguishment happened. No 
particular difference could be determined for samples tested parallel versus perpendicular to the 
grain.  
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When compared to timber, Emberley [38] obtained for European Spruce a critical mass loss 
rate for self-extinguishment of 3.93 ± 0.45 g/m2s for a critical heat flux for self-extinguishment 
of 43.6 kW/m2, and Bartlett [42] obtained a critical mass loss rate for self-extinguishment of 
3.48 g/m2s for Spruce Pine. 
6.4 Effect of the orientation 
Experiments to explore the in-depth temperatures, charring rates and self-extinguishment on 
laminated bamboo were carried for samples A, B and C perpendicular to the grain. To 
understand the effect on orientation sample C was tested parallel to the grain as well.  
Sample A experienced debonding of the lamellae and reached burnout at a very short time, as 
the thermal wave reached the back of the sample. When comparing between sample types, since 
sample A and sample C were tested with different heat fluxes, no equitable comparison can be 
made. Therefore, the comparison will be done midst the orientation of samples.  
Comparing the thermal evolution for sample C in perpendicular versus parallel orientation, the 
temperature in-depth shows a different variation between them. On 15, 40 and 80 kW/m2 tests, 
the temperature starts to increase faster for the samples parallel to the grain. However, when 
reaching the 100 °C isotherm, the thermal wave experienced a heat sink, probably due to the 
evaporation of water, generating a long plateau reducing the rate of heating. This plateau in 
some cases lasted over 1,000 seconds until the temperature started to rise again. This behaviour 
was not as apparent for samples tested perpendicular to the grain, as the evaporation of water 
around the isotherm 100 °C didn’t seem to last for more than a couple of seconds. The same 
behaviour was observed by Pope et al. [15], who attributed it to the convective effect of 
moisture migration along the fibre accentuating the endothermic plateau in temperature profiles 
around 100°C. Figure 6.18 shows the thermal evolution of samples tested perpendicular and 
parallel to the grain when tested at 80 kW/m2.  
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Figure 6.18 Thermal evolution results for Sample C – perpendicular PP1 and parallel PLL to 
the grain at 80 kW/m2. 
The results observed for charring show that for the in-depth temperature method for sample C 
PP1 and PLL at 15 kW/m2, the test with a parallel configuration reaches thermal decomposition 
earlier than the tests on a perpendicular to the grain orientation (PP1). However, the results for 
40 kW/m2 and 80 kw/m2 show that the sample perpendicular to the grain reaches thermal 
decomposition earlier than the samples parallel to the grain. For these higher heat fluxes 
samples perpendicular to the grain show greater depth of degradation. 
For the results of the mass loss method, tests at 15 kW/m2 show that the parallel to the grain 
samples have a faster degradation and higher charring rate peak. For the tests at 40 kW/m2, 
there was not a great difference observed, and for the test conducted at 80 kW/m2 higher values 
of peak charring rate were obtained for the samples perpendicular to the grain. For the average 
values obtained of the “quasi-steady-state” charring, no major difference is observed between 
the samples with a perpendicular o parallel configuration.  
Self-extinguishment at lower heat fluxes produced homogeneous results with values around 3.5 
– 4.5 g/m2s. However, self-extinguishment results for heat fluxes of 20 and 30 kW/m2 depict 
higher values for the samples testes parallel to the grain. In the other hand, self-extinguishment 
tested at 40 kW/m2 heat flux yielded lower values of mass loss rate for tests parallel to the grain.  
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6.5 Conclusions  
Results obtained for in-depth temperatures show that sample tested parallel to the grain achieves 
higher temperatures in a shorter time compared to sample perpendicular to the grain. The 
thermal wave reaches the back of the sample at half the time for tests parallel to the grain when 
tested at 15 kW/m2.  
The first 30 cm of the sample tested parallel to the grain reaches 60° C (glass transition of 
lignin) in the first 15 minutes when tested at 15 kW/m2. After 60 minutes, the thermal wave has 
already reached the back and the first 70 cm have already reached 60°C. For heat flux of 40 and 
80 kW/m2, the thermal wave reaches the back faster for tests conducted parallel to the grin. In 
addition, this configuration shows a behaviour of steady state after one hour of heating. For the 
testes at 40 and 80 kW/m2 glass transition is obtained for the full sample at 60 minutes of the 
tests. Test perpendicular to the grain reach 50% of the sample after one hour of the tests.  
Peak charring rates are homogeneous between different samples and have a direct correlation 
with applied heat flux. Further, after ignition and well into the quasi-steady state of flaming, 
charring rates prove to be very constant regardless of the sample orientation and heating regime. 
In agreement with other authors [4, 38, 39], the charring rates should not be set at a single value. 
When designing, many considerations should be made to best identify the most appropriate 
real-fire scenario and consider the wide range of possible conditions in which failure could 
occur. Designing with a single value of char rate is to omit important design parameters such 
as the variation of the energy exposed, the heating rates and the configuration of the sample 
among others.  
Stability and integrity of the samples proved to be very fragile, judging by the end condition of 
the lamellae, which delaminated easily for every heat flux. This resulted in prolonged times for 
flameout which are only representative for a horizontal disposition. If the material is used 
vertically, such as in walls, the effect of delamination will be enlarged. The results presented 
herein cannot be extrapolated to this condition, thus appropriate testing must be conducted.  
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Mass Loss Rates for extinction of bamboo is very homogeneous regardless of the orientation 
of the sample. Relevant plots have been provided in section 6.3.3 of this chapter in order to 
locate the parameter associated to each particular heat flux. Although no apparent relationship 
can be established between the two variables, the values for mass loss rate for self-extinction 
for laminated bamboo were obtained in Table 6.2.  
The highest critical heat flux for which bamboo reached self-extinguishment was 40 kW/m2. 
Above that threshold every sample kept burning until burnout was reached, and no self-
extinguishment was observed. The mass loss rate for self-extinguishment at 40kW/m2 obtained 
was 3.7, 3.6, 4.0 and 3.4 g/m2s for samples SB_PP1, SC_PP1, SC_PP2, and SC_PLL 
respectively.  
Other researchers have presented similar results of critical mass loss for self-extinguishment in 
the case of timber. For European Spruce, this value was found to be 3.93 ± 0.45 g/m2s [21] with 
a critical heat flux for self-extinguishment of 43.6 kW/m2, while thick softwood was quantified 
at around 3.5 g/m2s [22]. Laminated bamboo used in the present study yielded values ranging 
between 3 – 5 g/m2s with variable uncertainty depending on the type of sample. Delichatsios et 
al. conducted experiments on 1.9 cm thick fibreboard and obtained a critical mass rate for 
pyrolysis at extinction of 5.5 g/m2s ± 4% [23]. Noticeably, in some cases the critical mass loss 
rates were measured when the heater was already removed from the sample surface. However, 
data is still among the uncertainty of the tests presented herein, suggesting that the use of timber 
as a benchmark for bamboo is valid.  
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Chapter 7. Influence of laminated bamboo on the fire behaviour  
7.1 Introduction 
The previous chapters describe the theoretical foundations of the methodology used to identify 
the results obtained for the thermal degradation, flammability, flame spread behaviour, charring 
rates and self-extinguishment of laminated bamboo. These results were obtained from the 
experimental approach undertaken to measure the fire parameters of laminated bamboo. The 
application of small-scale testing allowed defining clear boundary conditions and isolating the 
specific variables targeted by a given experiment, reaching good repeatability and generally 
low variation in the measurements for each sample type. 
As explained in Chapter 1, engineered bamboo products such as the laminated specimens 
studied herein are gaining popularity among engineers, architects and interior designers. 
Currently, they are being used as a construction material in wall, floor and ceiling lining as well 
as structural elements, and therefore it is critical to understand to what degree, if any, they alter 
the fire growth, lead or speed the attainment of flashover, delay decay, achieve extinction or 
rather contribute to the loss of compartmentation. Likewise, it is highly important to determine 
how the flame spread will be within a building and to the exterior, as well as the magnitude of 
irradiation onto neighbouring structures. 
This chapter summarises the results obtained in the preceding stages of the study and correlates 
bamboo’s fire properties to various large-scale experiments investigated by other authors, with 
the objective to understand how the inclusion of laminated bamboo in a design may change the 
fire dynamics and influence the fire’s growth and development phases. The fundamental 
principles outlined in Chapter 2 are revisited to allocate each fire parameter bringing them into 
the context of a real fire. Last, the behaviour observed during the tests is evaluated in the light 
of design scenarios that represent the use of bamboo in the current built environment.  
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7.2 Laminated bamboo fire behaviour and summary of results 
As previously explained in Chapter 2 and depicted in Figure 7.1, the energy released within a 
compartment gradually increases after the fire begins, exhibiting an abrupt leap as flashover 
takes place, reaches a peak and remains at a high value when the fire is fully developed. Last, 
it undergoes a decaying phase as the available fuel burns out. The time and temperature at 
which each phase occurs are determined by the energy balance in the compartment, which is 
governed by the compartment’s geometry and openings, the thermal properties of the linings, 
and the type and amount of fuel inside. 
 
Figure 7.1 Fire in a non-combustible compartment  
Laminated bamboo is manufactured by joining nearly homogeneous layers of bamboo strips 
using a particular kind of adhesive. Therefore, adhesives are also of importance in 
understanding the fire behaviour of laminated bamboo, as the strips are of around 10 mm, and 
the ignition process can breach the first lamella quickly. Table 7.1 summarises the averaged 
material properties of the three sample types prior to testing and specifies the corresponding 
adhesive, density and moisture content. Sample A, bonded with urea-formaldehyde, showed 
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early debonding when exposed to heating conditions tested in a horizontal configuration. For 
samples B and C, which were bonded with phenol-resorcinol-formaldehyde and phenol-
formaldehyde, no deboning or fall off was observed. The influences observed in the behaviour 
of the bonding material and delamination in laminated bamboo will be described in the 
following sections. 
Table 7.1 Properties of tested laminated bamboo products (extracted from Table 2.5). 
Sample 
Type of adhesive present in 
sample 
Density  
[kg/m3] 
Moisture 
Content 
[%] 
A Urea Formaldehyde 575 ± 15 7.17 ± 0.06 
B Phenol Resorcinol formaldehyde 693 ± 16 6.08 ± 0.40 
C Phenol Formaldehyde 734 ± 20 8.12 ± 0.02 
7.2.1 Summary of results in the context of the fire behaviour of laminated bamboo 
In the previous chapters, the results were presented in terms of the sample type that had been 
tested. In this section, the results are presented in terms of the orientation (perpendicular and 
parallel) of the grain as a summary of the data obtained in every experimental campaign.  
Table 7.2 provides the range of values obtained for the thermal properties of laminated bamboo 
tested for the different sample types (A, B and C) perpendicular and parallel to the grain at 
ambient temperature. This table shows the thermal inertia results obtained from multiplying 
each independent value of thermal conductivity, specific heat capacity and density.  
Table 7.3 contains the range of thermal conductivity when tested at elevated temperatures, 
between 30 ºC – 220 ºC. All tables that follow differentiate between perpendicular and parallel 
testing configurations. The values presented were calculated from averaging all measurements 
from the samples that share the same orientation. Results are presented using this format in 
order to facilitate their use as a reference. 
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Table 7.2 Thermal properties of “Moso” laminated bamboo. Ambient 
Orientation 
Thermal 
Conductivity  
[W/mK] 
Specific Heat 
[J/kgK]  
Thermal 
Inertia 
[kW2s/m4K2] 
Perpendicular 0.21 – 0.25 1,713 – 2,526 0.30 – 0.45 
Parallel 0.26 – 0.29 2,815 – 4,269 0.55 – 0.85  
 
Table 7.3 Thermal conductivity in a range 30-220 ºC 
Sample orientation 
Thermal Conductivity  
[W/mK] 
Perpendicular 0.26 – 0.36 
Parallel 0.38 – 0.47 
Prior to the onset of the fire, as a material is heated up by an external source, pyrolysis gases 
emerge from its surface. If the concentration of those pyrolysates in the surrounding air is 
within the flammability limits and enough external heat is supplied, flames will establish. This 
stage is referred to in Figure 7.1 as the Pyrolysis – Ignition step. Table 7.4 summarises the 
ignition parameters calculated for both sample orientations in Chapter 4. In addition, Table 7.5 
shows the range of critical mass loss rate for ignition measured for an incident heat flux ranging 
between 15 – 80 kW/m2. 
Table 7.4 Ignition parameters for laminated bamboo samples based on the simplified pilot 
ignition model [1]. 
Orientation 
?̇?0,𝑖𝑔
′′  
[kW/m2] 
α 
[-] 
Tig 
[ºC] 
kρCp  
[kW2s/m4K2] 
Perpendicular 15 0.89 – 0.90 377 – 388 0.6 – 0.8 
Parallel 14 0.91 641 0.8 
Table 7.5 Critical mass loss rate for ignition for 40-80 kW/m2 incident heat flux. 
Sample orientation ?̇?𝑐𝑟
"  [g/m2s] 
Perpendicular 3.1 - 4.0 
Parallel 4.8 
After ignition has occurred, the fire starts to increase in intensity and size. In doing so, other 
materials near the fire may start to undergo pyrolysis until the temperature of the compartment 
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is high enough to cause generalised ignition. This is the step designated in Figure 7.1 as 
“flashover”. The time to flashover is a function of the geometry of the compartment, the 
ventilation factor, thermal properties and thickness of the linings [2], and these factors will 
drive a critical heat release rate that will be the threshold for flashover. Therefore, the change 
of any of these variables may influence the heat release rate, consequently, accelerating the 
time to flashover.  
As the fire consumes the available fuel, the system will release energy in the form of heat, 
which itself is a function of the energy received by the burning surface. Testing performed in 
Chapter 4 allowed measuring the intensity of the fire in terms of the peak and average heat 
release rate per unit area of the laminated bamboo for variable levels of exposure to heat, as 
presented in Table 7.6. 
Table 7.6. Average and Peak HRR for Sample B and C at 20, 40, 60 and 80kW/m2. 
Incident 
Heat Flux 
[KW/m2] 
Orientation 
Perpendicular Parallel 
Average 1 hr 
[kW/m2] 
Peak 
[kW/m2] 
Average 1 hr 
[kW/m2] 
Peak 
[kW/m2] 
20 29.2 - 39.8 170.2 -224.4 33.6 165.1 
40 55.0 – 62.4 174.7 - 221.6 40.1 203.5 
60 55.1 - 66.2 259.0 - 274.7 66.4 276.9 
80 64.5 – 88.3 306.6 – 336.3 107.2 373.8 
The growth of a fire and area affected by the fire leading to flashover can be determined by an 
analysis and application of the results obtained in Chapter 5. Table 7.7 provides a summary of 
the features that define lateral flame spread for the perpendicular case, including the range of 
minimum heat flux that sustains spread (critical heat flux for spread) and maximum distance 
travelled. The flame spread parameter allows contextualising the behaviour in reference to other 
well-known materials.  
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Table 7.7 Average lateral flame spread results. 
Orientation 
Maximum Flame 
Spread Distance 
[mm] 
Critical Heat Flux 
for Spread  
[kW/m2]  
Flame Spread 
Parameter (ϕ) 
[kW2/m3]  
Perpendicular 354 – 399 4.3 – 5.4 5.2 – 9.4 
During previous stages of the fire, if compartmentalisation is breached, flames can emerge 
outside of the room and travel up the rest of the structure. In this situation, the event transitions 
from a compartment fire to an exterior fire. Tests described in Chapter 5 emulate this hazardous 
condition and provide reference results that can be used as a starting point of analysis from a 
qualitative standpoint to assess the implications of use of bamboo in exteriors. It is important 
to highlight that scaling from small to full size will include many additional variables that need 
to be accounted. However, this fundamental approach enables understanding the behaviour of 
bamboo when compared to other materials. Error! Reference source not found. summarises 
the observed range of maximum flame spread distance and critical heat flux for extinction in a 
vertical configuration. 
Table 7.8. Average vertical flame spread results. 
Orientation 
Maximum Flame Spread Distance 
[mm] 
Critical Heat Flux 
[kW/m2] 
Perpendicular 472 – 554 6.9 – 8.1 
The duration of the fully developed stage is determined by the consumption of all the available 
fuel. Alternatively, materials like bamboo generate a superficial char layer that acts as an 
isolative boundary that protects the unburnt regions behind it. Prediction of the thickness of this 
char layer and the time required for its formation can be achieved by proper use of the charring 
rates as calculated in Chapter 6, shown in Figure 7.2 and summarised in Table 7.9.  
The decay phase, characterised by decreasing room temperatures, is the last stage of the fire 
and begins once all the available fuel has been depleted or when the burning materials can no 
longer sustain combustion. For the purpose of this study, a mass loss rate threshold determines 
when flames are extinguished, and hence establishes the effective initiation of the decay phase. 
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Table 7.9 Charring rate calculated for 15, 40 and 80 KW/m2. 
Sample C 
Orientation 
Heat flux 
tested 
Charring Rate – β [mm/min] 
1hr test Quasi-steady state Peak 
Perpendicular 
15 0.47 – 0.56 0.30 – 0.36 0.76 – 0.91 
40 0.64 – 0.77 0.40 – 0.48 1.42 – 1.69 
80 0.79 – 0.94 0.45 – 0.53 2.33 – 2.77 
Parallel 
15 0.62 – 0.74 0.31 – 0.37 1.15 – 1.36 
40 0.55 – 0.66 0.32 – 0.38 1.37 – 1.63 
80 0.77 – 0.92 0.41 – 0.49 2.19 – 2.61 
Self-extinguishment of laminated bamboo was analysed in Chapter 6, allowing to observe that 
when exposed to heat flux below 20 kW/m2, combustion of the material was finalised by sudden 
and complete flameout. On the contrary, for exposures above 20 kW/m2, self-extinguishment 
was determined using the criteria of no flaming in the centre of the sample, to disregard any 
edge effect on the sides. Two variables were determined to characterise the self-extinguishment 
of laminated bamboo, namely the critical heat flux of self-extinguishment and the critical mass 
loss rate of self-extinguishment. 
In any case, as detailed in Chapter 6, the critical mass loss rate for self-extinguishment was 
determined by analysing the data using three different methods (TFO smooth directly, Average 
noise and Average smooth). The highest critical heat flux for which bamboo reached self-
extinguishment was 40 kW/m2. Above that threshold, every sample kept burning until burnout 
was reached, and no self-extinguishment was observed. The mass loss rate for self-
extinguishment at 40kW/m2 obtained was 3.7, 3.6, 4.0 and 3.4 g/m2s for samples SB_PP1, 
SC_PP1, SC_PP2, and SC_PLL respectively. After flame extinction, all samples transitioned 
to a process of smouldering combustion with variable durations, which are not reported herein 
as this phenomenon is beyond the scope of the study.  
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Figure 7.2. Charring rate of sample C Test 1 side PP1 and PLL at 15, 40, and 80 kW/m2, as 
per section 6.2.4.2 
7.3 Proposed study scenarios towards formulating a design fire 
The previous section summarises the fire properties of laminated bamboo obtained by bench-
scale testing. Building up on that novel information, this section revisits the model of study 
introduced in Chapter 2 to set the groundwork towards obtaining a valid design fire. Therefore, 
more than a simple compilation of data, the purpose of this section is to evidence how each 
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parameter is correlated to the corresponding phase of the fire and how that knowledge can be 
applied in a holistic approach, enabling performance-based design of laminated bamboo 
structures. 
Recapitulating from Chapter 2, Figure 7.3 adapts Figure 2.6 to showcase the importance of 
understanding the parameters that drive each phase of the fire. As shown below, the evolution 
of a fire over time can be divided in three stages: (I) growth phase, (II) fully-developed phase 
and (III) decay phase. Each phase is associated with a specific area of study: flammability, 
thermal evolution (heat transfer) and self-extinguishment, respectively. 
 
Figure 7.3. Assessment of laminated bamboo from a performance-based perspective (adapted 
from Figure 2.6) 
This section refers to the fundamental material properties obtained previously and extends the 
analysis by framing them within a fire phase. Next, it assesses how the presence of bamboo in 
a compartment may affect the way fire develops in a structure. The idea is to provide a 
simplified study model that serves as a starting point that leads to an understanding of how 
bamboo can potentially affect the dynamics of a compartment fire. 
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This is done by focusing on three study scenarios that represent each stage of the fire. Each 
scenario is based on the information made available by other researchers after conducting large-
scale tests. The analysis presented herein recalls the bench-scale test results presented in 
Chapters 3 to 6 of this work and uses it as input data in order to contextualise the fire behaviour 
of laminated bamboo in the framework of each large-scale test. A  
As a limitation of the work, it is important to highlight that this section contains many 
simplifications that were introduced with the objective of focusing the attention on how the 
inclusion of laminated bamboo products in a compartment can potentially change its fire 
dynamics. Noticeably, none of the existing large-scale tests use compartments lined or 
constructed with bamboo. Hence, the tests are used as benchmark and direct conclusions or 
explicit results cannot be derived. Therefore, effective validation of the behaviour of laminated 
bamboo in a compartment demands completion of large-scale tests on structures made from 
bamboo. However, this is a starting point that intents to identify failure modes of bamboo and 
associate them to a specific fire stage. From this point of view, the application of correct 
simplifications allows to reference the fundamental principles presented throughout the thesis 
and assign the relevant material properties to each stage of the developing fire framework.  
7.3.1 Scenario 1a: Growth phase – bamboo and ignition 
This scenario addresses the risk of ignition of laminated bamboo present in a compartment 
where other materials ignite first (i.e. laminated bamboo has a larger critical heat flux for 
ignition).  Like most thermally thick solid fuels, without the presence of an external heat source, 
bamboo would not be able to ignite. Therefore, in the first study scenario proposed, the 
objective is to assess if laminated bamboo would ignite and at what time. Alternatively, it may 
be possible determine if in fact the inclusion of laminated bamboo in a compartment could 
cause earlier ignition times. This scenario is important because that could put in risk the fire 
strategy by reducing the available time to egress, or by increasing the probability of additional 
fire initiation hazards.  
To understand if bamboo would contribute to the onset of ignition in the compartment 
conditions proposed by other author, its critical heat flux of ignition and temperature for 
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ignition is located within the published data. Evidently, the observations resulting for this 
analysis are relevant only to the conditions of each test scenario and as such, no extrapolation 
of results to other scenarios is possible. Once again, the discussion presented below is provided 
to illustrate the medium or large scale tests that are needed to develop a comprehensive design 
fire for laminated bamboo structures.  
7.3.1.1 The Dalmarnock fire tests 
The Dalmarnock fire tests were held in Glasgow, United Kingdom in July 2006 [3]. The tests 
were conducted in a 23-storey reinforced concrete building. Two single-family flats with two 
bedrooms, kitchen and living room replicated with typical furniture inside were tested. Each 
living room, which was the main experimental area, was furnished with a sofa, desks, computer, 
chairs, bookcase, tables, among others. For details, see [4-6]. For Test One, pilot ignition was 
set to occur in a paper wastebasket with the use of a blowtorch. This compartment was 
instrumented with thermocouples, heat flux gauges, and various sensors to track the behaviour 
of the fire. Figure 7.4 shows the average room temperature during the development of the fire. 
It can be observed that after ignition, the fire started to grow and flashover occurred after 300 
seconds where the temperature increases from around 150°C to 570°C in a very short period of 
time. After flashover, a fully-developed fire can be observed from 300 – 1,150 seconds and a 
decay period is finally observed after the intervention of the fire department.  
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Figure 7.4 Average room temperature variation time during Test One from The 
Dalmarnock Fire Tests [3]. 
With similar conditions, the behaviour of Test Two was reported by Cowlard et al. [7] and 
reproduced in Figure 7.5. The main difference is that after reaching flashover, the Fire 
Department extinguished the fire. Regardless, the tests show similar behaviour as presented for 
Test One. With the objective of contextualising bamboo’s behaviour in this compartment fire, 
Figure 7.5 portrays an edited version of the original graph with additions that show bamboo’s 
pyrolysis and ignition temperatures as a reference. From Test Two, it can be observed that after 
fire-source ignition, the sofa ignites before 100 seconds, the shelf ignites at around 260 seconds. 
The fire starts to spread as cushions and bookcases ignite prior to flashover, which occurred at 
around 300 seconds. At this time, temperature increases from around 150°C to 570°C in 
approximately 50 seconds. 
Noticeably, bamboo’s pyrolysis and ignition temperatures would happen after the compartment 
had already reached flashover. This means that the temperatures when flashover starts, for both 
tests, are lower than the temperature for ignition of laminated bamboo; therefore, bamboo 
would potentially ignite until after flashover, which by definition happens when everything else 
ignites simultaneously. It could be interpreted that laminated bamboo would not even suffer 
pyrolysis before flashover and therefore, early ignition times would not necessarily be the 
failure mode of bamboo.  
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Figure 7.5 Average room temperature vs time: Test Two from Dalmarnock Compartment 
Experiments, from [7] The image has been edited to include laminated bamboo data. 
7.3.1.2 The CLT compartment fire 
A CLT compartment fire experiment was conducted by The University of Queensland in 2016 
[8]. This compartment simulated a room of 3.5 m x 3.5 m x 2.7 m dimensions constructed from 
cross-laminated timber (CLT) panels 150 mm thick with five lamellae of 45 mm x 20 mm x 20 
mm x 20 mm x 45 mm. A door opening of 0.85 m x 2.1 m was the only ventilation available. 
The walls were covered with non-combustible board with the exception of the ceiling and one 
wall, which were directly exposed. The exposed wall was located to the right of the opening 
door. As fuel source, two wood cribs of 40 kg each were placed in the centre, with the ultimate 
purpose of achieving flashover conditions. The piloted ignition was attained with the use of 
300 ml tray of kerosene [8]. 
Figure 7.6 was taken from Emberley et al. [8]. With the objective of highlighting bamboo’s 
behaviour, this figure was edited by altering some data from the original graph. The dotted and 
solid lines show the development of the fire measured by heat flux sensors located at the lower 
and upper region of the exposed CLT wall. The letters above the graph image are linked to 
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photographs taken at different times of the test to report the evolution of the fire, image c 
referencing flashover condition. Flashover was reported to occur after 12 minutes of the start 
of the test, when the ceiling had been ignited and the flames were observed to come out of the 
compartment.  
 
 
Figure 7.6 Upper and lower heat flux readings associated with the CLT exposed wall 
located at the right side from the door opening [8]. The image has been edited to include 
laminated bamboo data 
It was previously reported in Table 7.4 that the critical heat flux of laminated bamboo, using 
bench-scale testing, was found to be 15 kW/m2. With the objective of contextualising where 
would bamboo’s ignition stand in this compartment fire, Figure 7.6 was edited to include the 
critical heat flux of 15 kW/m2. Similar to previous observations, it can be seen that bamboo 
would potentially ignite with the rest of the compartment at flashover, not accelerating ignition. 
As depicted in Table 4.5 from Chapter 4, other timber species have a lower critical heat flux 
for ignition as well as lower thermal inertia which could potentially cause faster ignition. As a 
frame of reference, it can be said that under the conditions of this experiment, laminated 
bamboo will not necessarily be the first material to ignite. 
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From the large-scale test it was seen that after the wood cribs were ignited, the compartment 
started to gradually heat up, until the moment where the ceiling was ignited. The flames quickly 
spread down to the unprotected wall and critical temperatures increased, leading to flashover 
in the compartment. After flashover occurred, flames started to reduce, reaching self-
extinguishment at around 30 min after the test had started (see graph labeled with the letter ‘i’ 
in Figure 7.6).  
7.3.2 Scenario 1b: Growth phase – bamboo and fire growth 
This section proposes considering a second study scenario with a pre-flashover fire where the 
critical heat flux of ignition of bamboo is less than the critical heat flux for flashover at the 
compartment. The objective under this condition is to study the influence of bamboo in the 
growth of the fire. As mentioned in the previous section, it is important to account for the 
location of the flames in relation to the compartment walls, as this will drive the flame spread 
behaviour depending on where the bamboo surface is located, and influence the growth and 
size of the fire.  
Laminated bamboo results obtained in bench-scale testing will be used as a reference to 
formulate a hypothesis on how likely is bamboo to contribute to flashover. Once again, the 
intention of this section is to contextualise bamboo’s behaviour and provide initial steps 
towards fire-safe design. Therefore, many simplifications are made with the purpose of 
isolating the relevant phenomenon. In line with the above, to reach valid conclusions on the 
behaviour of laminated bamboo, dedicated medium or large scale tests need to be undertaken, 
which account for the radiation feedback from the burning fuels and vertical flame spread, 
among others factors. The discussion presented below intends to propose a viable study 
scenario based on an existing precedent.  
7.3.2.1 Corner fire 
The corner fire scenario has been chosen as a critical fire, as researchers have concluded that 
corner fires are one of the worst scenarios due to the fact that there is less entrained air resulting 
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in higher thermal plume temperatures [9]. There are various experimental testing used to 
account for corner fires, for example the ISO room corner test (ISO 9705 [10]), and the Single 
Burning Item (BS EN 13823-2010 [11]). Noticeably, fire growth inside a compartment can be 
influenced by the flammability conditions of the surface wall lining. Chapters 1 and 2 point out 
how common it is to find building construction using laminated bamboo as a wall, ceiling, floor 
or façade lining panels. Same as before, with the objective of benchmarking bamboo’s 
contribution to the growth of a fire, certain simplifications of flammability phenomena are used 
in this section as initial steps towards obtaining a qualitative assessment of its influence over 
flame spread under specific fire conditions.  
The Single Burning Item, also known as SBI, is an intermediate-scale test that simulates a fire 
in a room. This experimental approach aims to assess the spread of the fire in a corner surface 
lining, to understand how the fire will grow, and to calculate its heat release rate due to the 
contribution of the lining. The SBI tests is a medium-scale link between the large scale ISO 
9705 room corner test and small scale testing and its configuration does not include a ceiling.  
Zhang et al. [12] assessed the heat impact of corner walls using inert panels as wall lining 
following the SBI testing according to the British Standard CS EN 13823:2010 [13]. A 25 mm 
thick insulation fibreboard of 1 m wide and 1.5 m high was used. The walls were painted black 
to assume absorptivity equal to one. Thin steel plate probes measured the heat fluxes in the wall 
surface. A standard propane burner was calibrated to emit energies of 30, 45 and 60 kW. More 
details of the testing set up can be found in [12]. Figure 7.7 shows the result of the distribution 
of the heat flux obtained by Zhang et al. when the test was exposed to 30, 45 and 60 kW.  
Figure 7.8 uses the results obtained in Figure 7.7 by Zhang et al., and assumes possible 
conditions that could occur if instead of an inert lining, the corner wall lining consisted of 
laminated bamboo, similar to sample C (with no debonding or fall-off occurring). Using those 
measurements as a baseline, the following discussion assumes use laminated bamboo in a 
perpendicular to the grain orientation with lateral flame spread only (i.e. no vertical flame 
spread, no re-radiation).  
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Figure 7.7 Distribution of the surface heat flux from SBI test for inert lining, taken from [12].  
From Table 7.7, it has been established that the critical heat flux for lateral spread is around 
5 kW/m2. Inspecting Figure 7.8a, the case where the walls are subjected to 30 kW, suggests 
that the flames would spread along the yellow shaded area. It will then stop when it reached the 
5 kW/m2 mark, around 0.29 m from the fire source on the left side and where the grey area is 
defined. On the contrary, for the test subject to 60 kW, the spread of the fire would compromise 
the whole surface as shown in Figure 7.8c.  
a) 
b) 
c) 
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Figure 7.8 Edited image of distribution of the surface heat flux from SBI test taken from 
[12]. Assumed laminated bamboo in the lining and only lateral spread.  
The heat release rate determines the size of the fire. Using the data of mass loss rate and heat 
of combustion obtained in Chapter 4 as inputs to Equation (7.1), the heat release rate of 
laminated bamboo can be obtained for the assumed ignited area.  
?̇? = ?̇?𝑓
" ∗ ∆𝐻𝑐 ∗ 𝐴𝑟𝑒𝑎 (7.1) 
In Equation (7.1) the burned area is obtained by calculating the yellow parts of Figure 7.8a of 
this SBI test. For the case of the walls exposed to 30 kW, the estimated burning area would be 
equal to 0.62 m2, while for the case of the corner wall test exposed at 60 kW the whole area is 
assumed to have spread of the flame.  
b) 
c) 
a) 
?̇?𝒐,𝒔𝒑𝒓𝒆𝒂𝒅
"  ≈ 5 kW/m
2
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?̇? = ?̇?𝑓 𝐵𝑎𝑚𝑏𝑜𝑜
" ∗ ∆𝐻𝑐 𝐵𝑎𝑚𝑏𝑜𝑜 ∗ 𝐴𝑟𝑒𝑎𝐵𝑎𝑚𝑏𝑜𝑜 
?̇? = 5.6 g/𝑚2s ∗ 10.7kJ/g ∗ 0.62𝑚2 
?̇? = 37 kW 
(7.2) 
 
?̇? = ?̇?𝑓 𝐵𝑎𝑚𝑏𝑜𝑜
" ∗ ∆𝐻𝑐 𝐵𝑎𝑚𝑏𝑜𝑜 ∗ 𝐴𝑟𝑒𝑎𝐵𝑎𝑚𝑏𝑜𝑜 
?̇? = 5.6 g/𝑚2s ∗ 10.7kJ/g ∗ 0.72𝑚2 
?̇? = 43 kW 
 
(7.3) 
Assuming only a lateral spread, and with the values obtained in bench-scale testing as found in 
Chapter 4 and 5, the calculations presented in (7.2) above (7.3) for 30 kW and 60 kW, 
respectively, provide the potential magnitude of the contribution of laminated bamboo to the 
size of the fire. For the example of the corner fire spreading laterally in Figure 7.8a, the heat 
release rate increment is more than double of the original value, going from 30 kW to a total of 
67 kW, more than 120% of increase. For the scenario of Figure 7.8c, all the area in the walls 
has a reported heat flux higher than the critical heat flux for spread, 5 kW/m2. Hence, both walls 
are burning throughout their length, ramping the size of the fire from 60 kW to 103 kW, which 
constitutes an increment of around 72%.  
The results discussed in the previous paragraph would probably be comparable when using 
sample C as a wall lining (no debonding or fall-off due to the adhesive). Nevertheless, if sample 
A (bonded with urea-formaldehyde) would be the material included, as the wall lining, then 
debonding and fall-off would possibly occur, changing the fire dynamics and increasing the 
heat release rate. This due to the fact that as the char falls-off, the virgin material will re-ignite, 
the localised flame will enable flame spread and the char will form again. This repeated 
sequence of ignition, charring, fall-off and re-ignition, could have an effect on not achieving 
self-extinguishment and instead consuming the wall lining until burnout.  
In addition to the simplifications outlined above, this discussion does not include the radiation 
feedback from the burning fuels or vertical flame spread, where the orientation and flow 
direction change the problem completely, as the length of the flame influences the preheated 
length thus causing an acceleration on the spread. The heat release rate per unit area also plays 
an important role as it governs the size of the flame and influences the acceleration, deceleration 
and extinguishment of the spread.  
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Under the conditions presented above, a conclusion derived from the proposed scenario is that 
the inclusion of laminated bamboo linings could potentially increase the size of the fire. At the 
same time, the presence of laminated bamboo would decrease the time to flashover, which 
would have a direct effect on the time available for evacuation from the compartment. 
However, the discussion above is presented for illustration purposes only and no absolute 
conclusions can be obtained thereof. In order to achieve a comprehensive characterisation of 
the evolution of a fire in a laminated bamboo structure, actual medium scale tests similar to the 
one described above are necessary. 
7.3.3 Scenario 2: fully-developed phase – heat transfer and thermal evolution in bamboo 
Following the same simplifications and concepts of previous sections, a set of tests are 
presented herein to qualitatively discuss the potential performance of laminated bamboo in a 
fire. The post-flashover scenario intends to illustrate a condition where the use of bamboo may 
put at risk the structural integrity of the building.  
7.3.3.1 Compartment fire 
A second group of CLT compartment fire experiments were conducted at The University of 
Queensland, Australia in 2019. Two CLT boxes of internal dimensions of 3.0 m x 3.0 x 2.7 m 
were built with a single opening of external dimensions of 0.85 m x 2.4 m [14]. These tests are 
a part of an experimental project that aims to understand the conditions of exposed CLT in 
compartment fires. As a baseline to the project, these first two CLT compartments were 
constructed with every wall and ceiling protected by two layers of 13 mm thick plasterboard, 
were no contribution of the CLT to the fire was expected. Thin-skin calorimeters (TSC) 
following Hidalgo et al. [15] were inserted in the walls to measure the incident heat flux 
received by the fire to the walls and ceiling. The fire scenario was controlled by a kerosene 
pool system dimensioned to produce early flashover conditions in the compartment [14].  
Xu et al. obtained the values of the heat release rate presented in Figure 7.9. After flashover 
occurred, it can be seen that around 2-5 minutes, the heat release reaches approximately 2 MW 
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and 2.5 MW for Test 0.1 and Test 0.2, respectively. During this period, all plasterboards 
remained in place, hence no contribution of the CLT to the fire was received [14]. 
 
Figure 7.9 Total HRR for Test 0.1 and Test 0.2 from Xu et al. [14] 
Assuming the execution of the same tests with laminated bamboo-exposed walls instead of 
plasterboard, and under the previous disclaimer referring to a very simple scenario where no 
re-radiation or thermal feedback controlling the burning rate would occur, the total heat release 
rate would be expressed by Equation (7.4). 
?̇?𝑇𝑜𝑡𝑎𝑙 =  ?̇?𝐾𝑒𝑟𝑜𝑠𝑒𝑛𝑒 𝐹𝑢𝑒𝑙 + ?̇?𝐵𝑎𝑚𝑏𝑜𝑜 𝐿𝑖𝑛𝑖𝑛𝑔 (7.4) 
The heat release rate from the kerosene pool fire (2.5 MW) is obtained by the measurements 
reported in Figure 7.9. The heat release rate from the contribution of bamboo can be obtained 
from Equation (7.1). Since this is a post flashover scenario, the whole compartment would be 
in fire, hence the area of all the walls is considered. The calculations in (7.5) show that the heat 
release rate contributed by bamboo would be of around 1.85 MW.  
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?̇? = ?̇?𝑓 𝐵𝑎𝑚𝑏𝑜𝑜
" ∗ ∆𝐻𝑐 𝐵𝑎𝑚𝑏𝑜𝑜 ∗ 𝐴𝑟𝑒𝑎𝐵𝑎𝑚𝑏𝑜𝑜  
?̇? = 5.6 g/𝑚2s ∗ 10.7kJ/g ∗ 30.9𝑚2 
?̇? = 1.85 MW 
(7.5) 
Following Equation (7.4) the total heat release rate could potentially shift from 2.5 MW to 4.4 
MW after including bamboo lining. This means that the fire load received by the structural 
members inside a compartment can possibly be increased around 75% and contribute to the 
failure and loss of structural integrity. As stated before, this analysis does not include the 
radiation feedback and further fire dynamics complexities, meaning that more research should 
be done to account for this.  
Figure 7.2 was used to identify how long it could take for the char layer to progress through the 
wall. It is important to highlight that the results obtained are dependent on the heat flux tested 
and for a horizontal configuration. Assuming the compartment with walls of 150 mm thickness 
tested by Xu et al. [14] were made of laminated bamboo sample C (no fall-off or debonding 
observed) and therefore reaching a quasi-steady-state behaviour, the char layer could take 
approximately 5 hours to reach the back and breach compartmentation. However, if sample A 
(bonded with urea-formaldehyde) was used and debonding and fall-off occurred a charring rate 
peak value would be more approximate as re-ignition could happen very often. In this case, 
compartmentation could fail in approximately less than 1 hour, and therefore, the fire safe 
design strategy would be overturned. 
In the discussion presented above, several hypothesis are formulated which can only be verified 
or discarded by conducting a test with the same characteristics. The execution of such a testing 
campaign constitutes by itself a complete research study. Accordingly, this is not part of the 
scope of this thesis and it is therefore recommended that upcoming studies are aimed at 
completing similar testing. 
7.3.4 Scenario 3: Decay-phase – bamboo and self-extinguishment 
It is important to define correctly the decay phase in a fire to determine how much energy the 
structure will receive from the fire and for how long. When compartments are made of 
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combustible materials, like laminated bamboo, a critical part of the design is to guarantee that 
the fire will self-extinguish to assure structural integrity. Chapter 6 describes the two main 
parameters that characterise self-extinguishment, namely critical heat flux for extinction and 
critical mass loss rate for extinction. These two variables are surrogates that characterise under 
what conditions laminated bamboo could self-extinguish. This study scenario is proposed as a 
reference for future study of the decay phase of a fire. 
Emberley et al. [8] followed a similar process to evaluate the self-extinguishment of CLT at 
bench scale. Experiments were conducted in the mass loss cone calorimeter, where self-
extinguishment was found to happen at a critical mass loss rate of 3.7 g/m2s, associated with a 
critical heat flux for extinction of 45 kW/m2. The tests conducted at bench scale also evidenced 
that when fall-off occurred, self-extinguishment was not achieved because the virgin lamellae 
became exposed, which increased the mass loss rate and the heat release rate of the fire.  
A large-scale test was conducted to validate this behaviour, as already presented in section 
7.3.1.2. From this report, Emberley et al. [8] provide Figure 7.10Figure 7.6 which contains 
information of the heat flux measurement inside the compartment using heat flux sensors (TSC) 
at the upper and lower level of the exposed CLT wall (seen in the solid and dotted lines, 
respectively). Same as before, the letters above the graph image are linked to photographs taken 
at different times of the test to report the evolution of the fire. Image h shows that at 27 minutes 
after ignition, a decay in the lower part of the walls happened. This large-scale test provided 
similar results of the critical heat flux for extinction, per bench scale results by the same author 
(45 kW/m2). This is shown in Figure 7.10.  
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Figure 7.10 Upper and lower heat flux readings associated with the CLT exposed wall located 
at the right side from the door opening. Taken from [8].  
It is important to highlight at this stage that the major limitation of bench sale testing is the 
occurrence of fall off and the inability to determine when it could happen. As mentioned in 
section 6.3.3.2 of this thesis, when laminated bamboo is tested horizontally the highest heat 
flux at which self-extinguishment was observed is 40 kW/m2. Therefore, it could be interpreted 
that when the incident radiant heat flux in a bamboo compartment reaches 40 kW/m2 self-
extinguishment could potentially happen. However, if the material present in the compartment 
comes from sample type A, with a polyurethane adhesive, then highly probable that fall-off 
would occur and re-ignition would indeed take place. Under these circumstances, a larger 
section of bamboo would become exposed and self-extinguishment would not be achieved at 
the expected time. 
When compared to Emberley’s results, it is noted that the heat flux for self-extinguishment is 
similar between timber and bamboo (45 kW/m2 and 40 kW/m2, respectively). Therefore, it is 
possible to attain comparable results by conducting a large-scale test with the same 
characteristics as the referenced one. As stated previously, it is only by carrying out this type 
of tests that the bench-scales test results can be validated and a scale-up leading to a full 
understanding of the conditions for self-extinguishment of bamboo can be fully understood.  
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7.4 Conclusions 
This chapter reviews the information analysed in previous chapters as a summary of the 
outcomes obtained throughout the research project. The results were presented as tools 
associated with the three different stages of the fire with the intent to set a starting point into 
the understanding on the potential failure when a fire affects a bamboo compartment. The 
methodology of this project was re-addressed in order to assign each parameter to the 
corresponding phase in a fire.  
The fire behaviour of laminated bamboo when it is included within a compartment, was 
assessed by taking the results obtained in bench-scale testing (with the specific conditions and 
sample characteristics described in previous chapters) and evaluating the resulting fire 
behaviour. This was analysed with the objective of benchmarking the performance of bamboo 
in real scale compartments. Due to all the limitations related to the precise conditions used in 
the bench-scale testing, this chapter presents a very simplified approach as a starting point to 
understand how bamboo can potentially affect the fire dynamics in a building compartment and 
provides context on the possible implications of using bamboo as a construction material. This 
chapter presents hypotheses than need to be validated by large scale testing. 
Three main design scenarios were studied. The first analysis was aimed at understanding the 
growth of a fire with the presence of laminated bamboo in a compartment and the conditions 
for bamboo to ignite. Also, effects on size of the fire and in the growth of a pre flashover fire 
were discussed. Second scenario pertains the fully developed phase of a compartment fire with 
bamboo lining. Here, parameters like the heat release rate, heat transfer and charring rates drive 
the fire, as the thermal evolution and in-depth heating of the bamboo have an determines how  
the material partakes in the combustion process. This is analysed to understand the potential 
consequences of including bamboo in a compartment under these circumstances. Finally, the 
evolution from a fully developed fire to a decay scenario was explored from the perspective of 
the conditions where self-extinguishment can be achieved.   
To assess the first scenario, several compartment fire test data were presented to establish a 
comparison of how bamboo needs to be further analysed by real-scale analysis. Under the 
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specific conditions considered, it was determined that the pyrolysis temperatures of bamboo 
could only be reached after flashover has taken place, not before. Therefore, without a localised 
fire or an impinging flame on bamboo, there is no hazard of early ignition of bamboo, as it most 
likely will only ignite during flashover. However, once bamboo is ignited, the localised flames 
the heat flux from the fire source are likely to enable flame spread. This preliminary observation 
needs verification by means of medium or large-scale testing. 
After analysing the scenario 1b, (assuming only lateral spread and no radiative feedback), it 
has been observed that even though bamboo’s lateral spread velocity is slow relative to other 
materials [16, 17], its critical heat flux for lateral spread is quite low (5 kW/m2) and therefore 
fire spread could be enabled at early stages. The more the fire spreads, the more area will burn, 
which will accelerate the growth of the fire, and increase its size. This quick growth could 
potentially speed up the flashover time but once again, this must be studied by further testing.  
Samples A and C depict an important difference in their behaviour, attributed to the type of 
adhesive they were manufactured with. When assuming a compartment with a wall lining with 
sample type C (no deboning or fall-off observed), the increasing growth and size of the fire 
could potentially decrease if the char layer is created and self-extinguishment could happen. 
However, in the same conditions but assuming the use of sample type A (bonded with urea-
formaldehyde), the fire risk will be increased as debonding and fall-off happens. This is due to 
the fact that as the char falls, the virgin material will re-ignite, and the localised flame will 
enable flame spread [18]. The repeated sequence of ignition, charring, fall-off and re-ignition, 
could potentially prevent self-extinguishment. Hence, the wall lining will continue to burn until 
reaching complete failure. A real-scale experiment for laminated bamboo is important to 
validate these observations.  
When analysing the post-flashover scenario, if the results of charring rate obtained for sample 
type C (100 mm thick, no debonding observed, maximum heat flux tested 80 kW/m2 and tested 
in a horizontal condition) are used assuming a quasi-steady-state behaviour, the char layer could 
take approximately 5 hours to reach the back and breach compartmentation. However, in the 
case of debonding and fall-off taking place, it would be necessary to use the peak charring rate 
value to approximate the process of re-ignition of the material. In this case, compartmentation 
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could be breached in approximately less than 1 hour. Conclusively, the performance of the 
compartment is linked directly to the kind of adhesive used for manufacturing the laminated 
bamboo and its thermal properties.  
The possible size of a post-flashover compartment fire was discussed by assuming that 
plasterboard lining was substituted for laminated bamboo. When analysing the results obtained 
by Xu et al. [14] for a compartment covered in plasterboard, the size of the fire and the fire 
load received by the structural elements could increase to more than double. This could have a 
negative effect on the structural integrity of the building and increase the possibility of 
structural collapse. 
Since laminated bamboo is comprised of many small strips glued together, the adhesive 
becomes fundamental in holding together the bamboo lining wall, floor, ceiling, beam or 
column. If debonding or fall-off is prevented, the formation of a char layer will be possible, 
generating an isolative layer that could enable self-extinguishment. Therefore, the adhesive 
used plays a critical role in achieving a safe design against a potential failure condition. That 
failure scenario is associated to changes in the fire dynamics inside a combustible compartment, 
in the event of lamellae fall off.  
In this chapter, the potential implications of the use of laminated bamboo construction materials 
were discussed in the context of pre and post flashover fires. Information gathered from external 
sources on compartment fires was used as benchmark to provide a qualitative assessment of the 
performance of this material under different fire scenarios. The potential consequences of well-
documented features of laminated bamboo, including lamellae fall off, self-extinguishment and 
smouldering combustion was also taken into consideration. Clearly, extrapolation of bench 
scale testing results towards full-size compartment fire dynamics needs to be validated with 
real scale experimentation. However, the hypothesis presented herein expose the vulnerabilities 
and potential failure modes of laminated bamboo at real scale scenarios. It is vital to continue 
on this research with extended experimentation on laminated bamboo products used as linings 
and structural elements. 
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Chapter 8. Conclusions and future work 
8.1 Conclusions 
An experimental methodology has been proposed to characterise the fire performance of 
laminated bamboo products. The information presented in this research project contributes to 
understanding how these products will influence the growth, development and decay phase of 
a fire. Fundamental principles of bamboo’s behaviour in fire have been presented herein and 
can be used as tools to enable performance-based designs for safe bamboo structures. Detailed 
conclusions can be seen in each chapter, however, this section will summarise the main 
conclusions. 
The research project studies four particular areas: determination of thermal properties, 
calculation of flammability and fire spread parameters, assessment of thermal evolution in the 
solid media and conditions for self-extinguishment. All relevant properties were studied and 
measured by means of bench-scale testing, as summarised in Table 8.1.   
Three laminated bamboo products were studied herein from the species Phyllostachys 
pubescens (Moso), which is the most common bamboo species used in Australia, Asia and 
Europe. These products were chosen as they are currently being used in the construction 
industry as linings, furniture, and structural elements. Samples A, B and C were tested 
perpendicular to the grain (PP1 orientation), to explore the burning behaviour of laminated 
bamboo products of the same species, with different density, thickness and bonding adhesive. 
Sample C was tested perpendicular to the gran (PP1 and PP2 orientations), and parallel to the 
grain (PLL orientation), to identify the influence of the testing orientation within a single 
sample type.  
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Table 8.1. Tests and methods used to characterise laminated bamboo 
Characterisation Properties Model/Method/Experiment Ref 
Thermal 
Decomposition 
Pyrolysis temperatures Thermo-gravimetric Analysis [1] 
Thermal conductivity Transient Plane Method [2, 3] 
Absorptivity Infrared Spectroscopic Analysis [4] 
Ignition 
Critical heat flux  
Pilot - Ignition delay time test [5, 6] Ignition temperatures 
Thermal Inertia 
Critical Mass Loss Rates Fire-point theory [7] 
Heat Release Rate Oxygen consumption Calorimetry [5, 6] 
Flame Spread 
Velocity of the flame 
Opposed/Concurrent    
 Flame Spread Model 
[8] 
Flame Spread Parameter 
Critical Heat Flux 
Spread 
Thermal 
Evolution 
Heat Wave Evolution Thermocouples In-depth  [9] 
Charring Rates 
Location of the Isotherm [10] 
Charring rate Mass Loss 
Approach 
[11] 
Self-
Extinguishment 
Critical Mass Loss Rates Fire-point theory [7] 
Each sample type used a different kind of adhesive to bond the comprising layers together. 
Debonding occurred only for sample A, which used urea-formaldehyde as a bonding agent. 
Samples B and C (which were bonded by phenol resorcinol formaldehyde and phenol-
formaldehyde adhesives respectively) exhibited no delamination. The effect caused by 
debonding, delamination and fall-off is of particular importance when comparing laminated 
materials and must be taken into consideration in a real case scenario for fire-safe design 
purposes. 
Thermo-gravimetric analysis with heating rates of 1, 5, 10 and 20 °C/min under air and nitrogen 
environments allowed identifying the temperatures at which bamboo’s pyrolysis reactions take 
place. Sample A’s pyrolysis temperatures ranged from 257 to 321 °C, sample B depicted 
pyrolysis temperatures between 285 and 310 °C, while values from 287 to 341 °C were 
obtained for sample C. Lower heating rates yielded the lowest pyrolysis temperatures tested 
and vice-versa. Of the three sample types, samples B and C produced similar results, while 
sample A showed lower values in the case of oxidation reaction temperatures. This variation 
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can be attributed to the presence of adhesive in the testing sample, that influences the 
decomposition temperature. 
The thermal conductivity at ambient temperatures was found to be around 0.21-0.25 W/mK, 
for sample types tested perpendicular to the grain (PP1 and PP2 orientations). The lowest value 
was found for sample A (0.21 W/mK), which could be attributed to its lower density when 
compared to the other two. Sample B tested parallel to the grain showed a higher value of 0.29 
W/mK.  
Thermal conductivity was also tested at higher temperatures, producing a similar behaviour as 
when tested at ambient. Sample A showed the lowest values among the three kinds of samples, 
which can be attributed to the fact that it underwent detachment of the lamellae, contrary to 
samples B and C that did not. In all cases, when samples were tested parallel to the grain at 
elevated temperature, they yielded higher thermal conductivity than when tested at the 
perpendicular to the grain orientation. Finally, as discussed in Chapter 3, when comparing the 
results obtained in this study, it can be concluded that laminated bamboo produces a higher 
value of thermal conductivity when compared to engineered timber, which can be around 0.14 
W/mK [12]. 
The absorptivity for the perpendicular to the grain orientation at ambient temperature was 
measured between 0.89 and 0.90, result from an average within the 2-9 µm wavelength range. 
Samples tested parallel to the grain showed a higher value of 0.92. The absorptivity obtained 
for samples that had a small char layer was found to be lower than the one obtained for the 
virgin material, as it reduced to a value of 0.83 approximately. No significant change in the 
absorptivity could be attributed to the influence of different adhesives, densities and thickness 
between the sample types tested. It is important to highlight that the results obtained herein 
present these values as a function of the wavelength, which is a function of the heating source. 
Therefore, when using these values as reference the relevant wavelength needs to be compared 
on a case-to-case basis. In addition, these results were obtained at ambient temperatures, 
therefore they do not account for the increase of temperature.  
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The results presented in Chapter 4 characterise ignition and the burning behaviour of laminated 
bamboo. These fundamental parameters contribute to understanding how bamboo will behave 
in the early stages of a fire. The values of the thermal inertia, the thermal response parameter 
and the heat release rate per unit area are fundamental indicators that provide knowledge to 
model flame spread and therefore quantify the total fire growth in a compartment. 
Ignition parameters were obtained for laminated bamboo tested in the Cone Calorimeter 
following the Pilot Ignition Theory [5, 6]. The experimental approach correlated the ignition 
delay time (obtained by direct observation) with the external heat flux (controlled by the testing 
apparatus) and the previously determined thermal parameters. As a result, it was possible to 
calculate the critical heat flux for ignition, temperature for ignition and an “effective” thermal 
inertia from a regression analysis. 
When obtaining the critical heat flux for ignition for the three sample types, no major difference 
was observed between samples A, B and C tested perpendicular to the grain, as in all cases 15 
kW/m2 was obtained. Comparing results obtained for sample C tested in different orientations, 
samples parallel to the grain (PLL) showed slightly lower critical heat flux for ignition, 14 
kW/m2, compared to those tested perpendicular (PP1 and PP2). This may be due to the higher 
values of the thermal conductivity of laminated bamboo in the PLL orientation. Ignition 
temperatures were found to be in the range between 369 °C and 388 °C. The lower value (368 
°C) comes from sample C tested parallel to the grain, which is expected since the model uses 
the correspondingly lower critical heat flux for ignition. No considerable variation was 
observed for the results of effective thermal inertia (values between 0.61 to 0.80 kW2s/m4K2) 
or TRP (values between 282 and 322 kWs1/2/m3) contributed by the difference in orientation 
or sample type. 
As detailed in Chapter 4, the ignition temperatures, effective thermal inertia and thermal 
response parameter for laminated bamboo present similar values when compared to some 
timber species, especially softwoods. The variability of the results may be due to the testing 
conditions or assumptions that reflect the sensitivity of the model. Conversely, the differences 
in the results may be attributed to the experimental errors of each experimental campaign. 
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Due to the uncertainties related to measuring surface temperature during a Cone Calorimeter 
test in an accurate way, the critical mass loss rate has been established as a reliable parameter 
to determine the onset of ignition. Consistency between samples and good repeatability in each 
case allowed establishing the critical mass loss rate of laminated bamboo between 2 – 4.5 
g/m2s, depending on the heat flux tested. Sample C depicted overall higher values of critical 
mass loss rates, ?̇?𝑐𝑟
′′ , when compared to sample A and B. This behaviour could be attributed to 
the fact that sample C has a higher density. Additionally, sample C did not experience any 
visible debonding, and therefore appeared to perform as a continuous solid (not the case of 
sample A, that suffered debonding), as no obvious air gaps were observed between the lamellae 
which could affect heat transfer. When comparing sample C tested in different orientations, the 
critical mass loss rate, ?̇?𝑐𝑟
′′ , data did not show any particular trend for the parallel or the 
perpendicular to the grain set up. The values found in the literature for ?̇?𝑐𝑟
′′  of timber species 
show agreement with the tendency obtained for ?̇?𝑐𝑟
′′  of laminated bamboo. Thus, the critical 
mass loss rate for timber seems to vary with the external heat flux, as the critical mass loss rate 
tends to increase with higher testing temperature or heat flux. 
Heat release rates per unit area were very consistent between the types of samples. In all cases, 
the peak value was reached early at the onset of ignition and the measurements dropped very 
steeply thereafter. This behaviour is attributed to the generation of a char layer at the surface 
that acts as an insulation layer, reducing the heat flux to the pyrolysis (reaction) zone. As 
expected, both average and peak heat release rates per unit area exhibited an upward tendency 
for increasing values of incident heat flux. Data suggest that when compared to timber species 
such as Radiata Pine or Victorian Ash, laminated bamboo needs the same or more energy to 
ignite and that it might release lower energy in a fire. Hence, bamboo would generate a smaller 
fire when compared with timber species like Pitch Pine, Chestnut Tree, and Oak [13]. In any 
case, benchmarking must be carried out only under specific, well-defined circumstances, as 
bamboo and timber are different materials. 
Sample A (bonded with urea-formaldehyde) experienced rapid debonding of the lamellae and 
the thermal wave reached the back at early stages in the tests. Consequently, no valid results 
of the heat release rate could be obtained, as the boundary conditions were quickly affected. 
However, it is important to mention that depending on the adhesive used, lamellae debonding 
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and fall-off could potentially extend the flaming combustion time and re-ignition of the sample 
due to exposure of new sections of virgin material could increase the heat release rate [14]. The 
use of adhesives such as urea-formaldehyde could potentially result in an increase of the heat 
release rate, accelerating the growth phase of the fire, and potentially reducing times to 
flashover. 
Experimental observation shows that laminated bamboo undergoes a flaming stage followed 
by an extended smouldering combustion process. Although this research does not quantify the 
smouldering effect, the author recognises the need to characterise this smouldering process, as 
it could be a potential failure mode after flameout has occurred. 
Chapter 5 describes lateral and vertical flame spread rates were measured following the 
opposed and concurrent-flame spread methodology. For lateral flame spread, the critical heat 
flux for spread, 𝑞0,s
′′ , was similar among sample types and the average of all three samples was 
4.87 ± 0.59 kW/m2. The flame spread parameter, ϕ, for sample A and B was lower than sample 
C with values of 5.2, 5.85 and 9.37 kW2/m3, respectively. Flame spread parameter is a 
quantitative method that allows comparing the behaviour of different materials. From Table 
8.2, it can be seen that the samples tested herein show similar values for critical heat flux for 
spread and lower lateral flame spread parameter than timber-based materials such as Douglas 
Fir particle board and Plywood.  
Table 8.2 Opposed Flame Spread results of laminated bamboo and other materials 
Materials 
Critical Heat Flux 
for Spread  
( 𝑞0,s
′′ ) [KW/m2] 
Flame Spread 
Parameter 
 (ϕ) [kW2/m3]  
Ref 
Laminated bamboo Sample A 5 5 
This study Laminated bamboo Sample B 5 6 
Laminated bamboo Sample C 4 9 
Hardboard 6.35 mm 4 4.5 
[8] 
 
Douglas Fir particle board 6 12.75 
Plywood plain 1,27 cm 3 12.91 
Wood panel (S178M) 4 - 
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Vertical measurements of flame spread demonstrated the difficulty to track the precise 
pyrolysis front in each time step, as complex processes of flaming instability affected the 
readings. Therefore, the results of vertical spread have a very high statistical uncertainty and 
should be regarded only as a qualitative reference. The critical heat flux for spread, 𝑞0,s
′′ , in 
vertical orientation was found to be between 7-8 kW/m2 measured, however, almost at the end 
of the sample. Hence, this value of critical heat flux for spread may not be conclusive, as no 
preheating length is available, and edge effects can alter the model analysis. 
For tests in the opposed flame spread configuration, the fall-off behaviour exhibited only by 
sample A, did not seem to alter the results of the spread velocities, as this phenomena took 
place behind the ignition front. For tests conducted in the concurrent configuration, the flame 
spread was much faster when compared to lateral tests, and the time scale of the spread was 
found to be much greater than the time scale for fall-off to occur. Therefore, it is unlikely that 
fall-off would alter the results of the flame spread velocities. Noticeably, a material that 
debonds and experiences falls off can increase and speed up the growth phase of a fire in a 
compartment, since the newly exposed area will contribute to the increase of heat release, and 
therefore potentially modify the fire dynamics inside a given compartment. 
Chapter 6 explores in-depth thermal waves, charring rates and self-extinguishment of 
laminated bamboo were also tested for in samples A, B and C perpendicular to the grain. To 
understand the effect on orientation sample C was tested perpendicular and parallel to the grain. 
Once again, sample A experienced debonding of the lamellae and underwent burnout, as the 
thermal wave reached the back of the sample. This behaviour prevented the formation of a 
proper char layer and the boundary conditions were quickly affected. Therefore, no valid results 
of the charring rates could be obtained for sample A. 
When comparing the thermal evolution for sample C in the PP1 and PP2 orientations against 
the PPL arrangement, the temperature in-depth shows a distinct variation between them. On 
15, 40 and 80 kW/m2 tests, the temperature starts to increase faster for the samples parallel to 
the grain. However, when reaching the 100 °C isotherm, the moisture migration along the fibre 
acted as a heat sink due to the evaporation of water, generating a long plateau reducing the rate 
of heating. This plateau in some cases lasted over 1,000 seconds until the temperature started 
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to rise again. This behaviour was not as apparent for samples tested perpendicular to the grain, 
as the evaporation of water around the isotherm 100 °C did not seem to last for more than a 
couple of seconds. The same behaviour was observed by Pope et al. [15], who attributed it to 
the convective effect of moisture migration along the fibre accentuating the endothermic 
plateau in temperature profiles around 100 °C. 
Adequate fire safe design of bamboo structures requires consideration of a range of applicable 
charring rates that accurately reflect variations in the fire scenario and account for the possible 
failure mechanisms. This research study provided reliable data on the charring rates of the two 
types of samples of laminated bamboo exposed to 15, 40 and 80 kW/m2 at heating rates of 1 
and 20 ºC/min. It was concluded that both quasi-steady state (i.e. during flaming combustion) 
and peak charring rates in every kind of sample, for both perpendicular and parallel to the grain 
configurations, showed a direct correlation with applied heat flux and heating rates. 
In general, common engineering practice assumes one charring rate value for design. However, 
Chapter 6 details the different parameters that influence the variability of the charring rates, 
such as the heat flux exposed to, heating rates, among others. To account for some of the 
variables, three main sets of charring rates were obtained for a range of heat fluxes and heating 
rates. Results were obtained for the average of one hour test, quasi-steady state and peak value. 
The charring rates showed to be similar between perpendicular and parallel configurations. The 
average values of all the test data were found to be for 40 kW/m2 between 0.64 and 0.77 
mm/min when tested perpendicular to the grain and 0.55 to 0.66 mm/min when in parallel 
configuration. The peak charring rate for a heating rate of 20 ºC/min was 1.69 and 1.63 mm/min 
for perpendicular and parallel respectively when tested at 40 kW/m2.  
The mass loss rate for self-extinction shows to be very homogenous between samples with 
different orientation. No correlation was detected between this parameter and the external heat 
flux and no self-extinction was observed for heat fluxes over 40 kW/m2. Results obtained for 
the mass loss rate for self-extinguishment for bamboo showed a range of values between 3.4 
to 5.4 g/m2s. Mass loss rate for self-extinguishment of laminated bamboo proved to be very 
similar to timber with a range of values for laminated bamboo between 3.4 - 4.0 g/m2s when 
tested at 40 kW/m2 and timber specie European Spruce values of 3.93 g/m2s at 43.6 kW/m2 
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[14]. However, further tests are required before providing a definitive comparison between 
both materials.  
Last, in Chapter 7, the fire behaviour of laminated bamboo when present within a compartment, 
was assessed by using the results obtained in bench-scale testing (with the specific conditions 
and sample characteristics described in previous chapters) and qualitatively evaluating 
laminated bamboo’s fire behaviour in the context of pre and post flashover compartment fire 
tests available from literature. 
Conclusively, samples A and C will behave very differently in a fire scenario because of the 
type of adhesive each was manufactured with. When evaluating a compartment with a wall 
lining composed of sample type C (no deboning or fall-off observed), the increasing growth 
and size of the fire could potentially decrease when the char layer is created and eventually 
self-extinguishment could happen. However, in the same conditions but assuming the use of 
sample type A (bonded with urea-formaldehyde), the fire risk will be increased as debonding 
and fall-off takes place, due to the ignition of previously unexposed material, enabling flame 
spread [14]. The repeated sequence of ignition, charring, fall-off and re-ignition, could prevent 
achieving self-extinguishment and instead causing the wall lining to continue to burn until 
reaching complete failure. 
Laminated bamboo has a similar behaviour in fire as many of the timber species used to 
fabricate materials like CLT, LVL and Glulam. However, one of the critical aspects of is that 
laminated bamboo is comprised of a larger amount of smaller (6 x 20 mm) strips bonded 
together with different adhesives. Therefore, even more than on timber-based products, the 
type of adhesive used will have a more critical role in the fire safe design of laminated bamboo 
products, which tend to contain larger concentrations of these potentially hazardous agents. 
8.2 Future work 
This research project studies the fundamental properties of laminated bamboo, correlates them 
to the phases of a fire and provides unprecedented groundwork to assess fire behaviour of 
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laminated bamboo structures from a performance-based design. However, it is understood that 
determining an specific design fire for this material can only be achieved by expanding the 
related knowledge barriers and conducting further experimentation. For this purpose, a series 
of recommendations to continue building knowledge for the designing of safe bamboo 
structures are presented: 
 This research project focuses mostly in testing samples in a horizontal configuration. 
As lamellae fall-off has proven to be a critical failure mode, it is highly encouraged that 
vertical configuration testing be completed. This will allow for in-depth 
characterisation of the propensity for fall-off. More detailed testing of the many types 
of adhesive and bonding agents used in the manufacturing process is also important to 
understand potential effects upon the identified failure modes. 
 All the information provided in this research is a groundwork to build up on theoretical 
models that can lead towards a better understanding of the heat transfer processes 
relevant to laminated bamboo. It is necessary to conduct a fundamental characterisation 
of chemical reactions as well as micro-scale heat transfer by means of theoretical 
modelling. By doing so, it would be possible to develop a tool that predicts how bamboo 
will behave under specific circumstances and collaborate to an optimised structural 
design. 
 The fully-developed and decay phases of a fire have been addressed here from a 
perspective of heat transfer and self-extinction, discussing on its impact over the general 
structure stability. However, to fully understand how a loaded structure will behave in 
a fire, it is important to undertake mechanical testing under heating conditions to 
measure and scale the integrity of structural elements made of laminated bamboo.   
 In Section 7.3, many simplifications were used as premise for discussion with the 
objective of giving the reader a benchmark assessment of laminated bamboo using the 
fundamental thermal parameters, which serves as a starting point to contextualise the 
possible failure modes. However, it is critical that future work carries out medium and 
large-scale compartment testing to validate the preliminary observations and potential 
behaviours in order to fully illustrate the influence of laminated bamboo in the fire 
dynamics at a real scale.  
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 All of the tests conducted in this research are done in samples from the species 
Phyllostachys pubescens (Moso). Testing of other bamboo species to understand the 
implications and differences is of great relevance. Future work should consider looking 
into Guadua angustifolia Kunth, Dendrocalamus asper, Dendrocalamus strictus, 
Bambusa blumeana and Gigantochloa apus species, which are common in regions 
outside Australia [16].  
 Last, other types of engineering bamboo products need to be studied, so that the full 
range of uses of bamboo can be thoroughly characterised. Products such as bamboo 
scrimber, bamboo-oriented strand board, among others, are quickly becoming popular 
due to their good structural performance. Therefore, understanding how the difference 
in manufacturing process, boding adhesive and configuration of lamellae would affect 
critical aspects like fall off, or in-depth heating is important to build up knowledge. 
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